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Soil  anoxia  results  in  conditions  that  favor  reduction  reactions  and  anaerobic 
metabolism,  which  lead  to  the  formation  of  ions  in  reduced  valence  states  and 
organic  acids  and  gases  in  concentrations  exceeding  those  in  aerobic  soils. 
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SUMMARY 

This  report  reviews  the  theoretical  and  practical  aspects  of  flood 
tolerance  in  plants,  particularly  the  native  woody  species  of  the  con¬ 
tiguous  United  States.  The  purpose  is  to  provide  a  background  under¬ 
standing  cf  phenomena  related  to  flooding  and  flood  tolerance  and  to 
summarize  practical  information  pertinent,  to  reservoir  revegetation. 

The  report  includes  a  wide  variety  of  information  previously  unavailable 
in  an  assimilated  form. 

Any  depth  and  duration  of  flooding  impose  an  extraordinary  set  of 
deleterious  conditions  on  most  vascular  plants.  The  most  elementary 
differences  between  well-drained  and  flooded  conditions  arise  in  the 
soil,  and  all  are  directly  or  indirectly  related  to  the  depletion  of 
free  oxygen.  The  near  absence  of  oxygen  creates  a  reducing  environment 
in  the  soil  that  favors  the  activities  of  anaerobic  bacteria.  These 
organisms  produce  a  variety  of  organic  and  inorganic  byproducts,  many  of 
which  are  present  in  concentrations  toxic  to  plants.  Borne  of  the  most 
physiologically  damaging  are  ethylene,  manganese  (Mn  ),  and  iron  (fe  ). 
Thus,  a  plant  living  under  flooded  conditions  may  ho.ve  to  cope  with  the 
simultaneous  effects  of  a  rooting  medium  that  is  both  anaerobic 
and  toxic. 

Many  plants  have  an  ability  to  survive  limited  periods  of  flooding 
through  temporary  acclimation  processes,  but  few  are  genetically  adapted 
to  tills  condition.  The  causal  mechanisms  for  adaptation  are  complex  and 
poorly  understood.  There  is  reasonable  agreement,  however,  on  what  .is 
adaptive.  For  simplicity,  udai>tations  may  be  regarded  as  either 
anatomical  or  metabolic. 

Anatomical  adaptations  include  hollow  .stems,  aorenehymu,  lent! cels, 
intercellular  air  spaces,  and  other  features  that  facilitate  the  diffu¬ 
sion  of  oxygen  from  the  (relatively)  oxygen-rich  shoot  to  the  oxygen- 
poor  root.  The  plant  may  thereby  meet  its  minimal,  requirements  for 
maintenance  energy  through  aerobic  respiration.  If  oxygen  is,  available 
to  the:  roots  in  excess  of  the  resp.i.rationa.l.  demand,  it  may  actually  dif¬ 
fuse  outward  into  the  soil,  creating  an  oxidized  rhi/.os phero  in  the 


midst  of  the  reduced  soil  environment.  In  this  instance,  the  plant  has 
effectively  avoided  the  conditions  imposed  by  flooding. 

Metabolic  adaptations  include  the  ability  to  utili'/.e  anaerobic 
pathways  for  energy  production  and  the  removal,  of  certain  anaerobic  by¬ 
products  from  the  roots.  Even  though  these  pathways  yield  far  less 
energy  than  the  more  normal  aerobic  onc(s),  some  plants  apparently  do 
grow  better  under  these  conditions.  Factors  involved,  in  this  growth 
probably  are  an  ability  to  transfer  an  oxygen  debt  from  the  root  to 
the  shoot  via  translocation  of  reduced  compounds,  preferential  accumula¬ 
tion  of  nontoxic  end  products,  and  even  the  ability  to  transfer  internal 
oxygen  from  the  shoot  to  the  root  system. 

There  is  strong  evidence  that  many  morphological  and  anatomical 
modifications  are  due  to  changes  in  concentrations  of  certain  hormone 
or  hormonelike  compounds.  Experimental  research  with  ethylene,  for 
example,  has  shown  that  at  high  concentrations  there  is  an  increase  in 
adventitious  rooting  in  many  plants.  These  are  apparently  more  pervious 
to  oxygen  than  normal  roots  and  hence  would  aid  the  plant  during  periods 
of  inundation.  Ethylene,  under  "normal"  conditions,  is  known  to  he 
involved  in  leaf  abscission  and  epinasty,  but  apparently  does  not  func¬ 
tion  in  the  name  mmmer  under  flood  conditions. 

The  external  factors  of  soil  anaerobiosis  and  tin?  production  of 
toxins,  and  the  internal  plant  adaptations  to  these,  are  basic  to  most 
flooding  situations.  There  are  a  variety  of  additional  factors,  however, 
that  often  assume  overriding  importance  in  determining  the  survival  of 
flooded  plants.  Much  factors  include  substrate  composition,  shoreline 
gradient,  wave  and  current  action,  flood  depth  and  duration,  tolerances; 
of  individual  species,  and  eooty pic  variation  within  species.  Because 
these  have  an  immediate,  practical  hearing  on  survival ,  they  must  be 
considered  in  both  reservoir  planning  and  impact  assessment  endeavors. 

There  are  two  ways  to  encourage  the  development  of  vegetation  in 
reservoir  drawdown  zones .  During  the  construction  phase  of  a  reservoir, 
selective  clearing  below  mean  pool  elevation  may  he  employed  to  leave 
f.lood--tolerant  woody  species.  This-;  technique  is  of  only  trivial  effec¬ 
tiveness  in  regions  of  the  country  where  few  species  are  flood  tolerant 
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and  the  frequency  of  tolerant  plants  is  low. 

Revegets ' ion  is  the  second  technique;  this  is  suited  to  "both  new 
and  established  reservoirs.  Generally,  the  methods  of  planting  are  iden¬ 
tical  to  those  in  common  practice  in  forestry,  agriculture,  and  erosion 
control.  The  unique  features  of  drawdown  zones  often  require  some 
special  modifications  of  technique.  Barge  hydroseeding ,  air-cushion¬ 
craft  seed  dispersal,  and  helicopter  seeding  have  been  used  to  good 
ad-vantage  in  problem  areas.  Woody  vegetation  may  be  established  from 
bare  root',  container,  or  vegetative  cutting  stock.  It  is  often  real¬ 
istic  to  overplant  since  mortality  is  likely  to  be  high. 

Diverse  literature  concerning  experimental  and  empirical  studies 
of  flood  tolerance  has  been  collated  and  analyzed  in  this  report  to 
yield  a  summary  of  pertinent  research  for  "ach  of  the  U.  S.  Army  Corps 
of  Engineers  Divisions.  A  composite  rating  of  plants  according  to  their 
relative  flood  tolerances  is  included  for  field  elements  within  each 
Division.  Because  these  ratings  are  subjective,  they  arc  only  approxi¬ 
mate.  Extensive  supplemental  duta  arc  included  in  the  appendices.  It 
is  .intended  that  the  regional  treatments  be  used  as  a  handbook  of 
selected  plants  and  literature  for  possible  use  in  reservoir  revegetu- 
tion  efforts. 
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CONVERSION  F'ACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (si) 
UNITS  OF  MEASUREMENT 


U,  S.  customary  units  of  measurement  used  in  this  report  can  to  con¬ 
verted  to  metric  (SI)  units  as  follows; 


By _  _ To  Obtain _ 

if 0^5.856  square  metres 

0.3048  metres 

25.4  millimetres 

0.000112  kilograms  per  square  metre 
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FLOOD  TOLERANCE  IN  PLANTS:  A  STATE-OF-THE-ART  REVIEW 


PART  I :  INTRODUCTION 

1.  This  state-of-the-art  review  is  intended  to  summarize  the 
literature  on  flood- tolerant  plants  with  an  emphasis  on  temperate 
woody  species.  This  approach  has  been  adopted  first  because  a  eojiqire- 
hensive  up-to-date  review  of  flood  tolerance  in  woody  plants  is  lacking, 
and  second,  woody  plants  have  not  been  adequately  catalogued  and 
assessed  for  their  potential  in  reservoir  revegetation  efforts.  Herba¬ 
ceous  species  are  more  adequately  covered  in  the  recent  literature 
(Wentz  et  al.  197*0  and  have  been  included  in  the  chapters  dealing  with 
basic  research.  Elsewhere  in  the  text,  they  are  treated  in  proportion 
to  their  representation  in  the  literature  pertaining  to  reservoir 
maintenance. 

2.  This  review  may  be  approached  as  two  separate,  though  depen¬ 
dent,  sections.  The  first  addresses  the  conditions  imposed  by  flooding 
and  the  resulting  physiological,  anatomical,  and  morphological  responses 
occurring  in  plants.  This  treatment  necessarily  covers  many  areas  of 
basic  research  in  order  to  convey  an  understanding  oi  flood  tolerance  in 
plants  and  to  highlight  the  directions  of  contemporary  research  in  this 
field. 

3.  The  second  section  is  applied  in  its  emphasis.  Included  are 
discussions  of  factors  that  may  be  measured  and  assessed  in  the  field  to 
aid  in  impact  prediction  and  facilitate  the  design  and  management  of 
artificial  bodies  of  water.  An  approach  to  impact  assessment  that  in¬ 
tegrates  these  factors  is  discussed  along  with  the  limitations  of 
current  knowledge  in  this  area. 

*4.  Techniques  for  establishing  anu  maintaining  vegetation  along 
the  shores  of  reservoirs  and  canals  are  discussed  a  general  fashion. 
The  limited  amount  of  research  in  this  area  is  reflected  in  the  small 
number  of  plant  species  and  management  goals  that  are  described. 

5.  The  status  of  research  with  practical  applications  is 


assessed  for  the  ten  U.  S.  Army  Corps  of  Engineers  Divisions.  Plant- 
tolerance  lists  also  are  provided  for  each  Division.  Narrative  sum¬ 
maries  of  research  have  been  deliberately  avoided  because  such  treat¬ 
ments  are  available  in  several,  contemporary  literature  reviews.  Instead, 
research  has  been  summarized  on  a  species-by-species  basis  for  each 
Corps  Division.  This  summary  is  .included  as  several  appendices.  Each 
is  designed  to  be  used  as  a  handbook  in  conjunction  with  the  -tolerance 
lists  •■'-•-ovided  in  the  text.  This  review  circumscribes  a  large  body  of 
research  on  diverse  topics.  It  is  hoped  that  it  will  serve  as  a  cata¬ 
lyst  for  future  research,  both  basic  and  applied,  in  addition  to  pro¬ 
viding  tools  for  practical  problem  solving. 

6.  Scientific  and  common  nomenclature  follow  the  "sage  of  the 
individual  authors  in  most  instances.  Where  there  was  reason  to  suspect 
■that  nomenclature  was  inaccurate,  it  was  reconciled  with  the  binomial 
used  in  either  Gray 1 s  Manual  of  Botany  (Fernald  1970),  Manual  of  Culti¬ 
vated  Plants  (Bailey  19^*9),  A  Cali fornia  Flora  (Munz  1963),  or  Composite 
List  of  Weeds  (Weed  Soc.  of  America  1971/ •  Often  there  are  different 
common  names  for  a  single  species  that  enjoy  regional  popularity.  The 
authors  hope  that  the  inclusion  of  only  one  common  name  for  each  species 
will  not  confuse  those  familiar  with  a  plant  by  a  different  common  name. 
The  inconsistency  of  common  names  makes  the  use  of  scientific  names 
imperative  for  accurate  identification.  One  exception  is  the  use  of 
common  names  for  crop  (vegetable)  species,  which  aro  not  applicable  to 
r  es  or vo i r  rev  eget fit i.o rx . 
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PART  II:  THEORETICAL  CONSIDERATIONS  OF  FLOOD  TOLERANCE  IN  PLANTS 


Changes  in  Soils  Resulting  from  Flooding 

7.  An  understanding  of  flood  tolerance  in  plants  is  facilitated 
by  knowledge  of  the  changes  occurring  in  soils  when  they  are  flooded. 

The  most  basic  change  is  the  elimination  of  free  oxygen  available  for 
chemical  and  biological  processes. 

8.  Under  aerobic  conditions,  soil  microorganisms  obtain  energy 
through  the  break-down  of  organic  molecules  via  respiration  pathways  re¬ 
quiring  oxygen  (0o).  Flooding  a  soil  drastically  reduces  the  rate  of 
0^  diffusion  into  the  soil  pores  and,  with  aerobic  respiration  systems 
intact,  soil  oxygen  is  rapidly  depleted.  Blow  diffusion  rates  prevent 
the  replenishment  of  0o  in  the  soil  and  the  net  result  i.s  an  anaerobic 
condition.  The  diffusion  coefficients  of  gases  in  soil  are  a  function 
of  soil  particle  geometry  and  the  soil  moisture  content  (Currie  196l). 
Surface  soils  are  composed  of  between  35  and  60  percent  pore  space 
(Buckman  and  Brady  1969) .  These  pores  are  filled  with  complementary 
proportions  of  air  and  water  (Bradford  et  al.  1937).  When  a  soil  is 
flooded,  nearly  all  the  pore  space  is  filled  with  water  and  little,  if 
any,  is  occupied  by  air.  Gill  (1970)  lists  four  results  of  flooding 
that  occur  in  soils:  exclusion  of  oxygen  from  roots,  carbon  dioxide 
(C0?)  accumulation,  production  of  toxins,  and  anaerobic  conditions 
around  the  root.  All  of  these  changes  are  related  directly  or  indirectly 
to  the  changes  in  gas  diffusion  characteristics  resulting  from  the  pores 
being  filled  with  water  instead  of  air.  Oxygen  diffuse?  at.  a  rate 
10,000  times  slower  in  water  than  air  (Lemon  and  Kristenset  i960. 
Greenwood  1961),  and  Buckingham  (1907)  showed  that  diffusion  in  soil 
decreases  as  the  moisture  content  Increases,  'rhe  difference  between 
oxygen  diffusion  rates  and  the  demand  for  oxygen  by  soil  organisms  makes 
it  apparent  that  anaerobic  conditions  will  prevail  in  soils  when  they 
are  flooded.  Due  to  activity  of  microorganisms,  most  free  oxygen  in  a 
soil  will  be  exhausted  within  a  few  hours  of  submergence  (Ponnamperuma 
1972) .  Soil  texture  and  moisture  content  will  have  some  effects  on  the 
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concentration  of  oxygen  in  the  soil.  Diffusion  coefficients  for  hydrogen 
gas  in  a  physical  model  of  wot  soil  were  shown  to  he  a  function  of  at 
least  the  following  five  variables:  total  porosity,  crumb  porosity, 
crumb  shape,  the  shape  of  the  particles  forming  the  crumbs,  and  moisture 
content  of  the  medium  (Currie  196l).  Coarse  soils,  with  low  organic 
matter,  have  relatively  high  oxygen  concentrations  in  soil  solution 
( Zoboll  1946).  Generally,  however,  a  sharp  drop  in  oxygen  concentration 
with  increasing  soil  depth  is  expected  in  submerged  soils. 

9.  The  amount  of  dissolved  oxygen  in  the  water  interfacing  with 
a  flooded  coil  will  also  affect  the  concentration  of  oxygen  in  the  soil 
( Ponnamperuna  191?)-  factors  such  as  water  movement,  depth  of  flooding, 
biological  activity,  and  temperature  have  all  been  suggested  as  deter¬ 
minants  of  oxygon  concentrations  in  these  soils  (Brink  1954,  Manner 
i960).  Studies  demonstrating  the  roles  of  these  factors  under  natural 
conditions  are  scarce.  Good  coi-relations  huve  been  established  between 
low  noil  oxygen  (essentially  zero)  and  stagnant  surface  water  (Armstrong 
and  Boatman  1967).  The  decrease  in  available  oxygen  found  in  most 
flooded  noils  :i.s  regarded  by  many  workers  as  being  the  most  basic  cause 
of  flood-induced  injury  to  plants. 

10.  Veretennikov  (1964)  observed  that  calculated  values  for 
dissolved  oxygen  in  water  were  5  to  1.1  times  higher  than  the  dissolved 

oxygen  in  soil  water  at  the  same  temperature  and  pressure.  He  also 

2 

demonstrated  that  the  oxygen  diffusion  rate  was  0.5  mg/hr/100  cm  of 
surface  area  in  saturated  soils.  Controlled  experiments  have  been  per¬ 
formed  to  assess  the  effects  of  various  soil  characteristics  on  oxygon 
depletion  upon  flooding.  Scott  and  Kvuns  (.1955)  provided  a  notable 
example  of  how  rapidly  oxygen  is  depleted  in  saturated  soils.  Using 
four  air-dried  soils  they  measured  changes  in  oxygen  content  when  the 
soils  were  water  saturated.  Despite  differences  in  organic  matter 
content  among  the  soils,  the  oxygen  depletion  curves  were  very  similar. 
With  each  of  the  four  soils,  oxygen  concentration  dropped  to  zero  after 
6  to  10  hr.  They  determined  that  dissolved  oxygen  decreased  to  0.01 
of  the  original  value  after  approximately  75  min.  (it  should  be  noted 
that  air  drying  soils  accentuei.es  the  rate  of  oxygen  depletion.) 


11.  Flooding  a  soil  results  in  a  sequential  replacement  of  soil 
organisms.  Obligate  aerobic  microorganisms  rapidly  go  dormant  or  die, 
yielding  to  facultative  and  obligate  anaerobes  (Takeda  and  Furusaka 
1970)-  Hie  switch  to  complete  anaerobic  respiration  in  the  soil  occur! 
at  a  molar  oxygen  concentration  of  3  *  10  ^  (ponnamperuma  197?) • 

Anaerobes  are  capable  of  using  compounds  other  then  0o  as  the  final 
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electron  acceptor.  Anaerobic  bacteria  use  NO^, 
organic  dissimilation  products,  COp,  Np,  and  H+  as  electron  acceptors. 
These  electron  acceptors  are  reduced  to  lower  oxidation  or  valence 


states  during  respiration.  Ponnamperuma  (1972)  discusses  the  main  redox 
systems  operating  in  submerged  soils  and  chemical  equations  for  each 
system.  A  significant  corollary  of  anaerobiosis  is  the  reduction  of 
many  compounds  found  in  the  soil  and  the  accumulation  of  reduced  prod¬ 
ucts  (Gillespie  1920).  Ponnamperuma  (1972)  considers  the  primary 
chemical  difference  between  a  submerged  and  well-drained  soil  to  be  the 
reduced  state  of*  the  submerged  soil.  Three  characteristics  are  indica¬ 
tive  of  a  reduced  state:  a  g>  ay-green  color,  low  reduction  potential, 

—  _/ J 

and  the  reduced  forms  of  a  variety  of  compounds  including  NO^,  00^*", 
Mn+I,  Fe+\  and  C0o  (Ponnamperuma  1972).  'l'he  sequence  ol'  reduction  of 
various  compounds  in  the  soil  roughly  follows  the  theoretical  sequence 
determined  by  their  reduction  potentials.  ISmpirical  verification  may  be 
found  in  the  observation  of  the  vertical  stratification  of  elements  in 
various  redox  states  in  eutrophic  lakes  and  in  the  succession  of  aerobic 
to  facultative  and  obligato  anaerobic  microorganisms  found  when  a  soil 


is  first  saturated. 


12.  The  switch  to  anaerobic  pathways  is  accompanied  by  a  change 
in  metabolic  end  products  as  well.  Anaerobic  and  aerobic  respiration 
pathways  arc  similar  up  to  the  point  where  pyruvate  is  synthesized  just 
prior  to  entry  into  the  Itrebs  cycle.  Under  aerobic  conditions ,  pyruvate 
is  degraded  to  CO^  and  water  via  the  Krebs  cycle.  Under  anaerobic  con¬ 
ditions,  pyruvate  is  degraded  to  GOp,  ethyl  alcohol,  organic  acids 
(acetic,  formic,  propioni c ,  butyric,  lactic,  valeric,  and  succinic 
acid),  and  organic  gases  (methane,  ethane,  propane,  n-  and  isobutane, 

,  and  butene- 1.)  (husse.i. 1  1973  Boggle  and  Fritz.  1976) . 
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e thylene ,  propylene 


One  of  the  first  workers  to  recognize  the  accumulation  of  C0o  in  the 
soil  was  Clements  (l92l).  Other  workers  (Bergman  1920,  Zimmerman  1930, 
Childers  and.  White  1942,  Yelenosky  1964)  ascribed  this  increase  in  CO,, 
to  decomposing  organic  matter.  Of  the  organic  acids  formed,  the  major 
ones  are  acetic,  formic,  propionic,  und  butyric.  These  generally  peak 
at  10  to  40  pmoles*  per  litre  within  a  period  of  2  weeks  of  flooding  and 
then  gradually  decline.  During  this  period  they  may  roach  concentra¬ 
tions  toxic  to  rice,  and  soil  pH  may  drop  below  6.0,  but  these  condi¬ 
tions  are  unlikely  except  in  soils  high  in  organic  matter  ( Ponnampcruma 
1972).  Methane  (CHj()  is  produced  by  a  specialized  group  of  obligate 
anaerobic  bacteria  ( Ponnamperuraa  1972).  These  are  substrate  specific 
and  utilize  only  a  ;  'all  number  of  organic  and  inorganic  compounds  aris¬ 
ing  from  fermentation.  The  activity  of  these  bacteria  results  in  an 
almusL  cumplete  breakdown  of  the  low  molecular  weight  fatty  acids  and 
ethanol  to  carbon  dioxide  and  methane  (lltadtman  1967). 

13.  Soil  bacteria  utilize  a  variety  of  compounds  as  electron 
sinks  and  i  hey  may  be  ordered  according  to  their  redox  potential  (Eh), 
which  reflects  the  degree  of  reduction  present  in  a  saturated  soil.  The 
following  tabulation  presents  such  an  ordering: 

Redox  Potential,  mV,  25°C 


Reaction 

pH  9.0 

pH  JVO 

0o  +  4h+  +  4e”  =  2H20 

930 

820 

N0~  +  2Ji+  +  2e~  =  NO"  +  1I20 

530 

420 

MnO,,  +  4ll+  +  2e“  =  Mn+2  +  f'11,,0 

6)40 

4io 

Eo (Oil)  ,  +  3II+  +  e"  =  Ke+^  +  d  0 

170 

■  -180 

GOj^  +  :101I+  +  8e~  =  II,  ,3  +  4lIo0 

-70 

-220 

CO,,  f  Ii+  +  Be”  ~  (IIIj  +  2IIo0 

-120 

-240 

211  ■’  +  2e  -  H,, 

-295 

-413 

The  higher  the  redox  potential,  the  more  electrons  required  to  bring 
about  *  unit  reduction  in  Eh,  Because  the  soil  contains  a  mixture  of 
compounds  with  different  redox  potentials,  not  all  compounds  will  be 

*  pinole  c>r  micromole  -  I  *  1U  ^  moles. 
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reduced  at  the  same  time;  NO^,  M«t0o,  Ve(OH)^,  H+,  and  EO^f~  can  thus 
exert  an  inhibitory  effect  on  the  complete  reduction  of  a  flooded  noil. 
Depending  on  the  mixture  of  substances  in  a  soil,  it  is  said  to  be 
"poised"  at  a  characteristic  redox  potential  (Russell  197i)- 

14.  The  advent  of  reducing  conditions  in  a  flooded  soil  is 

paralleled  by  a  drop  in  Eh.  Upon  submerging  an  aerobic  soil.  Eh  reaches 

a  minimum  within  a  few  days  and  then  gradually  increases  to  a  peak. 

This  is  followed  by  an  asymptotic  decrease  to  a  level  characteristic  of 

a  specific  soil.  The  presence  of  readily  decomposed  organic  matter 

sharpens  and  hustens  the  achievement  of  the  first  minimum  (Ponnamperuma 

1955,  Yamane  and  Rato  1968).  The  initial  decrease  in  Eh  is  due  to  the 

release  of  reducing  substances*  that  accompanies  oxygen  depletion  before 

the  Mn+ *  and  Fe+^  buffering  systems  are  fully  activated  (Yamane  and 

Rato  1968,  Ponnamperuma  197'°)  •  The  presence  of  high  levels  of  nitrate 

postpone  the  achievement  of  a  negative  Eh.  This  is  due  to  inhibition  by 

11 'trite  of  redox  reactions  lower  on  the  thermodynamic  scale  of  oxidation- 

reduction  reactions  (see  preceding  tabulation).  Low  organic  mutter 
+)( 

content  or  high  Mn  results  in  a  high  Eh.  This  has  been  sh"wn  to  occur 
for  as  long  as  6  months.  Temperatures  both  above  and  below  ?5°C  also 
retard  a  decrease  in  Eh  (Ponnamperuma  197?).  Jones  and  Etherington 
(1970)  found  that  Eh  in  waterlogged  slack**’  sands  was  lower  than  that  of 
dune  sands  and  ascribed  this  difference  to  the  higher  organic  mutter 
content  in  the  slack  soils. 

15.  Accompanying  the  decrease  in  Eh  is  a  slight  decrease  in  pH 
within  tin-  first  few  days  of  flooding  (Ponnamperuma  197?)-  This  is 
followed  by  an  asymptotic  rise  to  a  stabl  e  value  between  6.7  and.  7.  il 
within  a  few  weeks  (Motomura  196?,  Poimampcruma  1965) .  The  net  effect 
of  flooding  the  soil,  is  to  increase  she  pH  of  an  acid  soil  and  decrease 
the  pH  of  an  alkaline  soil.  In  soils  high  in  organic  matter  and 
reducible  iron,  pH  stabilizes  at  6.5  within  a  few  weeks,  while  in  acid 
soils  with  low  organic  matter  or  those  with  iron  in  an  inactive  form, 

*  A  reducing  substance  is  one  that  donates  electrons  to  another  in  an 
oxidation  reduction  reaction. 

**  A  "slack"  is  defined  by  the  authors  as  "the  hollows  between  dunes." 


pH  stubilivscs  more  gradually  at,  less  than  6.5  ( Ponnamperuma  1972)*  The 
first  decrease  in  pH  is  caused  by  an  accumulation  of  C0o  produced  by 
aerobic  bacteria.  The  following  increase  in  pH  is  due  to  the  reduction 
of  the  soil  me  inly  caused  by  the  formation  of  ferrous  iron  (Mo'cuniu'ii 
1962,  I'onnamperuma  et  al.  1.96b). 

lb.  McKee  (1970)  investigated  the  effects  of  a  sequence  of 
wetting  and  drying  of  ar.  acid  flatwoods  soil  from  the  Gulf  Coastal  Plain 
to  determine  the  effects  of  pH.  He  found  that  submergence  for  60  con¬ 
secutive  days  caused  pH  to  approach  neutrality.  The  Eh  decreased  ap¬ 
proximately  500  mV  during  this  period.  Subsequent  drying  of  the  soils 
decreased  pH,  while  submergence  decreased  the  level  of  exchangeable 
aluminum,  calcium,  and  magnesium,  probably  through  changes  in  pH.  McKee 
concluded  the  changes  resulting  from  submergence  could  be  corrected  or 
remedied  only  very  slowly  upon,  redrying. 

17.  The  equilibria  of  hydroxide,  sulfate,  phosphate,  and  silicate 
are  affected  by  the  pH  of  the  solution.  In  turn  these  equilibria  con¬ 
trol  the  solubilities  of  various  solids,  ion  exchange ,  and  the  coneon- • 
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tration  of  Al  ~  ,  He  ,  H,,S,  and  11,^00^.  The  indirect  effect  of  changes 
in  pH,  particularly  with  respect  to  aluminum  and  iron,  are  especially 
important  in  rice  culture  due  to  the  toxicity  of  these  ions.  For 

example,  changing  from  pH  6.5  to  7*5  can  change  the  concentration  of 

+? 

Fe  from  350  to  3.5  ppm.  The  lower  concentration  is  inadequate  while 
the  upper  is  toxic  to  rice.  Similarly,  at  a  pH  of  3.5,  the  concentra¬ 
tion  of  ftl.+^  on  some  paddy  soils  is  69  ppm  (toxic  to  rice)  while  at  u 
pH  of  H.5  it  is  1  ppm  (nontoxic)  (Ponnamperuma  1972).  Toxiciti.es  of 
these  cations  will,  of  course,  vary  from  species  to  species. 

.1.0,  It  follows  that  if  ion  concentrations  change,  then  specific 
conductance  will  also  change  when  a  soil  is  flooded.  Specific  conduc¬ 
tance  is  a  function  of  the  balance  of  chemical  reactions  that  produce 
or  inactivate  various  ions.  Upon  flooding,  specific  conductance  of  a 
soil  generally  roaches  a  maximum  within  >1  weeks  and  is  followed  by  a 


decrease  and  gradual  utubil'i  station  after  .1.6  weeks  to  u  value  that  is 


characteristic  of  the  specific  soil  ( Pi iunniiiperuma  19'fP). 
(1972)  attributes  the  initial  increase  to  the  release  of 


Ponnamperuma 

,,  +2  ,  M  +2. 
mo  and  mn 


from  Fe"*  ^  and  Mn+  *  hydroxides;  the  accumulation  of  NII^,  HGO  ,  mid  RCOO  ; 
the  dissolution  of  CaCO^  by  C0o  and  organic  acids;  and  the  displacement 
of  cations  fiom  exchange  sites  on  soil  colloids. 

19.  N.i  broken  also  undergoes  a  complex  series  of  changes  when  the 
soil  is  flooded.  Under  uerobic  conditions  nitrogen  occurs  as  N?,  NO,,, 
and  NOg.  In  the  sequence  of  respiration,  nitrogen  from  organic  matter 
is  present  as  proteins  that  are  broken  down  to  amino  acids,  which  are 
further  broken  down  to  Ni>?.  In  the  presence  of  0^  'NIJ^  could  be 
oxidized  to  N0o  and  NO^  depending  on  the  Eh,  pH,  and  temperature  of  the 
system.  Under  anaerobic  conditions  the  breakdown  process  stops  at 
ammoniu,  which  will  accumulate  under  flooded  conditions. 

20.  Ammonification  of  proteins  is  accomplished  by  anaerobic 
bacteria  in  flooded  soils  ( 1’onnamperuma  1972).  Thu  rate  is  temperature 
dependent,  with  high  temperatures  giving  rapid  production  of  ammonia. 

He  also  reports  that  near  ly  al  l  mineral  :i  zablc  nitrogen  in  a  soil  is  eon- 
verted  to  ammonia  within  2  weeks  of  submergence  if  the  temperature  is 
favorable  and  if  the  soil  is  not  strongly  acid  or  deficient  til  phospho¬ 
rus.  Decomposition  of  amino  acids  in  anaerobic  soil,  leads  to  the  re¬ 
lease  of  Ul)  percent  'of  the  N  present  in  the  amino  acids  as  ammonia 
within  1.0  days  (Greenwood  and  hoes  i960). 

21.  Denitrification  is  the  biochemical  reduction  of'  NO  and 

NO,,  to  N,,0  and  N,,  gas .  [n  the  soil,  denitrification  results  in  a  loss 

of  nitrogen  to  the  atmosphere.  Deuitr  i  fi.eat  iori  occurs  only  at  low 

oxygen  concentrations  and  is  accomplished  by  bacteria,  and  fungi  that 

function  as  facultative  anaerobes  (Ukorman  and  Marline  1997,  Turner  and 

Patrick  iyf>(S,  lluckman  and  Brady  1969,  Painter  1.97  * ,  I’ojtuamperumu  .1.972, 

Russell  197  i).  (These  organisms  roipi.i.  re  11  to  rodnee  NO  and  carbon  and 

1 

ammonia  to  produce  new  cells.)  because  those  raw  materials  a  •  derived 
from  organic  matter,  nitrogen  loss  may  he  more  severe  in  soils  high  in 
decomposable  organic  matter  (Patrick  and  Wyatt  196)1,  I'onnumperuma  1.972) . 
The  presence  of  organic  matter  i iiny  not  always  result  in  greater  deni  tri¬ 
fication.  Reddy  and  Patrick  (.1979),  for  example,  found  that  the  addi¬ 
tion  of  rice  straw  immobilized.  ammonium  ( N I (j*  ) ,  thereby  .Limiting  tile 
total  N  loss. 
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22.  Alternate.'  wetting  and  drying  of  the  noil  has  been  shown  to 
increase  nitrogen  losses  (Patrick  and  Wyatt  196'**  Roddy  and  Patrick 
1979 ) •  Thin  resulted  from  the  creation  of  un  aerobic  surface  layer 
during  the  drying  cycle  in  which  NIl^  may  be  biologically  oxidized  to 
NO”.  Thin  nitrate  then  diffuses  into  the  anaerobic  subsurface  noil 
where  denitrification  occurs  (Patrick  and  Go  boh  197*0. 

Pd.  Nitrogen  also  enters  the  noil  from  the  atmosphere  through  the 
protean  of  nitrogen  fixation.  Through  this  process  atmospheric  N.,  is 
converted  to  ammonia.  Nitrogen  fixation  occurs  .Largely  through  the 
activities  o*  he  blue-green  ulgue  and  various  bacteria.  If  a  flooded 
soil  contains  large  populations  of  these  organisms,  nitrogen  fixation 
can  be  enhanced. 

pH.  A  pronounced  increase  in  the  conorntrnti on  of  water-: soluble 
phosphorus  (p)  in  observed  when  a  .noil  in  flooded  ( Ponnumperuma  1972). 

In  acid  noils  (pH  <  6.6)  thin  increase  its  attributed  to  the  hydrolysis 
of  Fc+i>  and  AI+^  phosphates,  the  release  of  I’  from  anion  exchange  sites 

■f  ^  -f  ^  ^ 

on  clay  and  hydrous  oxides  of  Ke  and  A1  ,  and  the  reduction  of  H’o 

+2 

to  M’i>  with  the  e one umi.  taut  release  of  both  bonded  and  adsorbed  P.  In 
alkaline  (pH  >  7.3)  soils  flooding  decreases  the  pH,  thereby  increasing 
the  solubility  of  hydroxyapatite  (Ca  (PO^J^OIl),,)  (Ponnumperuma  1972). 

P9-  Manganic  (Mn+I)  oxides  are  converted  to  mungunuur  (Mn+“' ) 
oxides  in  reducing  soils.  This  is  both  a  biological  and  chemical 
process  and  results  in  increased  concentrations  of  soluble  manganese. 

4 -'i2. 

Within  3  weeks  of  flooding,  most  of  the  manganese  is  in  the  reduced  Mn 
form  ( l’onnamperuma  ±97>’)* 

2b.  The  reduced  iron  and  manganese  formed,  in  flooded  soil.::  com¬ 
pete  for  cation  exchange  sites  on  clay  minerals.  On  noil  a  with  low 

-f'# 1  ■4'J >  t 

cation  exchange  capacity,  Ko  and  Mn  may  displace:  exchangeable 

+  -f- 

potassium  (K  ),  rcsul.l  i.ng  in  higher  K.  concentrations  in  the  Soil 
solution  ( LKKl  1.963,  done::  197!*  )•  Potassium  and  other  basic  cut J oun 
may  be  d  isplneed  in  this  manner  and  may  lie  carried  away  by  water  move¬ 
ment  in  the  noil,  '.fills  results  in  nutrient  depletion  uiul  acidification 
of  the  soil.  Hrinkmati  (19771  has  described  this  process  in  Ills 
I’erro lysis  model  of  soil,  format i on  under  a  regime  of  seasonal  inundation. 
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P.J.  According  to  Ponnamperuma  (1972),  concentrations  ol'  s.ilicu 
in  the  soil  increase  slightly  after  flooding,  then  gradually  dru.  'ease  to 
levels  lower  than  before  flooding.  This  phenomenon  is  thought  to  he  due 
to  the  reduction  of  Fo+^OII  sorbing  silica  and  the  action  of  carbon 
dioxide  on  aluminum  silicates. 

28.  Ponnamperuma  (1972)  speculates  that  the  reduction  of  Fe(OH)^ 
and  Mn(OH)j  should  increase  the  solubility  of  Co,  Cu,  and  Zn.  The 
increase  of  pH  in  acid  soils  and  formation  of  sulfides  should  decrease 
the  solubility  of  these  elements.  The  net  result  is  on  increuse  in  the 
availability  of  Co,  Cu,  and  Mo,  and  a  decrease  in  the  availability  of 
Zn  (Mitchell  1964 ,  Adams  and  Honeyset  1964,  Jenne  19' '8,  IRKI  1970). 

P9.  In  summary,  flooding  of  a  soil  rapidly  establishes  reducing 
conditions  characterized  by  an  absence  of  dissolved  0o,  reduced  forms  of 
cutions,  elevated  concentrations  of  CO^,  and  shifts  in  Eh  and  pH  that 
affect  both  the  absolute  amounts  and  availability  of  nutrient:;.  Addi¬ 
tional  ly,  organic  ac  ids  and  gases  are  producer)  by  so  il  anaerobes . 

These  changes  create  a  stress  environment  around  the  roots  that  provokes 
a  range  of  responses  in  plants  inhabiting  flooded  soils.  Those  re¬ 
sponses  are  addressed  in  the  following  section. 

Plant  He spouses  to  Flooding 

HO.  The  consideration  of  plant  responses  to  flooding  is  confus¬ 
ing  because  the  responses  are  numerous  arid  simultaneous.  Some  are 
direct,  i.e.,  resulting  from  external  factors  arising  in  the  soil  and 
water,  while  others  are  indirect,  arising  from  changes  in  the  plant 
responding  to  the  direct  factors.  Direct  arid  indirect  factors  are  not 
usually  independent  and  thus  frustrate  attempts  to  identify  causal 
mechanisms,  further,  it  is  often  difficult  to  distinguish  uu  injury 
from  an  adaptation.  For  example,  McPherson  (1919)  reports  the  death 
and  collapse  of  root  cells  in  corn  (Zea  mays)  grown  in  unaeruted  culture. 
This  apparent  injury  may  have  seme  adaptive  value,  however,  because 
(a)  it  decreases  the  'amount  of  tissue  that  must  be  maintained  at  low 
oxygon  concentrations  and  (b)  the  resulting  air  spaces  may  enhance  the 


rate  of  oxygen  diffusion  from  the  shoot  to  the  root  (Cannon  .1932, 
Gladstone  19^+2,  ICrmner  1991 ) .  Lastly,  there  is  surprisingly  little 
verification  ol‘  injuries  caused  by  specific  flood-induced  conditions. 
Much  of  the  early  literature  must  be  regarded  as  anecdotal  because 
experimental  design  left  room  for  confounding  factors.  Hecent  research 
often  fails  to  consider  enough  factors  simultaneously  to  arrive  at  a 
complete  picture  of  the  nature  of  flood  injuries, 

31.  The  discussion  thus  fur  has  focused  on  changes  in  the  soil 
system  induced  by  flooding.  The  biological  and  chemical  characteristics 
of  flooded  soils  have  a  profound  Influence  on  Higher  plants.  Table  1 
summarizes  the:  conspicuous  plant  responses  to  flooding. 

32.  The  historical  development  of  the  unders bunding  of  flood- 
induced  injury  to  plants  began  in  the  early  1900' s  with  work  by  a  number 
of  Kuropean  investigators.  (No  attempt  is  made  to  document  the  complete 
history  of  research  in  this  area.  The  interested  reader  is  directed  to 
ICrumer  (1951)  and  .Bergman  (1959).  )  Lardy  writers  stressed  the  impor¬ 
tance  of  good  soil  aeration  and  attr  ibuted  :i  njury  to  low  0o  concentra¬ 
tions  in  saturated  soils.  While  much  of  their  inductive  explanation  of 
observed  symptoms  has  been  verified  by  subsequent  research,  they  were 
ignorant  of  mechanisms  involving  hormones  and  metabolism.  Accordingly , 
their  hypotheses  arc  optimistically  simple.  More  refined  hypotheses  hud 
to  await  theoretical  and  methodological  advances  in  the  fields  of  bio¬ 
chemistry  and  plant  physiology.  Indeed,  the  testing  of  specific 
hypotheses  on  the  nature  of  flood,  injury  is  u  relatively  recent 
development. . 

3  A  cautionary  note  is  well  taken  at  this  point.  Henoareh  into 
flood  injury  and.  tolerance  has  been  replete  with  idealistic  hypotheses. 
However,  rnuny  hypotheses  have  been  substantiated,  and  this  has  .'led.  to  a 
rich  diversification  of  research  efforts,  sometimes  at  the  expense  of 
integration  of  ideas.  Kramer  (. 1.991)  recognized  the  complex  nature  of 
flood  injury.  It  is  believed  that  both  injury  and  tolerance  are  af- 
I  i -c ted.  by  many  direct  and  indirect  factors  that  interact  to  yield  a 
particular  set  of  plant  characteristics .  With  tills  caution  in  mind, 
the  following  analysis  is  presented. 
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Table  1 

Plant  Responses  to  Flooding 


Response 


Citation 


Leaf  wilting  Bergman  1920,  Heinieke  1932,  Marth 

and  Gardener  1939>  Curtis  1949, 
Parker  1949,  Shanks  and  Laurie  1949, 
Kramer  and  Jackson  1954,  Me Alpine 
196.1,  Dickson  et  al. .  .1965,  Hook  1970 


Leaf  chlorosis 


Decreased  leaf  size 


Heinieke  1932,  Marth  and  Gardener 
.1.939,  Shanks  and  Laurie  1949,  Kramer 
.195.1,  Bergman  1959,  McAlpine  1961, 
Yelenosky  1964,  Wample  and  Reid  1975 

Heinieke  1932,  Lindsey  et  al.  196l 


Increased  leaf  size 


Bergman  1920 


Leaf  thickening 


Hook  1968,  Hook  et  al.  1971 b 


Epinasty  of  leaf  and  petiole 

Leaf  chlorophyll  breakdown 
Leaf  abscission 

Anthocyanin  in  leaves 
Petiole  reorientation 


Kramer  1951,  Jackson  1955 >  Hailton 
and  Reid  1973,  Kawase  1974,  Wample 
and  Reid  1975 

Kawase  1974 

Parker  1949,  Yelenosky  1964,  Hook 
.1968,  Hook  et  al.  1971b 

Parker  1949,  Hook  .1968,  1970 

Kramer ,  1 951. 


Decreased  shoot  growth 


Stem  hypertrophy 
Decreased  interriode  length 
Hypertrophied  lent reels 


Bergman  1920,  Marth  and  Gardener 
1939,  Seeley  194 9,  McDermott  1.954, 
Hosucr  I960,  Hook  1968,  Kennedy  19?0, 
Harms  1973,  .Houcks  and  Keen  1973, 
Wample  and  Reid  1-975 

Kramer  1 951 ,  Hook  1.968,  Kawase  1974 

McDermott  1954 

Hahn  et  al.  1920,  'Zimmerman  1930, 
Hook  1968 
( Continued) 
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Table  1  (Continued) 


_ Response _ 

Spindly  shoots 

Flower  abscission 

Death  of  original  roots  with  and 
without  new  roots  developing 
close  to  surface 

Decreased  root  growth 

Adventitious  rooting 


Production  of  a  larger  root  system 
Increased  length  of  late  ml  roots 
Decreased  number  of  root  hairs 
Discoloration  of  roots 

increased  root  diameter 
Decreased  nutrient  uptake 
Decreased  water  uptake 

Development  of  aerenchyma 
Poor  fruit  set 
Corky  fruit 


Citation 


Heinicke  1932 

Oskamp  and  Bat,1  er  1932 

Bergman  1920,  Cannon  and  Free  1920, 
Oskamp  and  Batjer  1932,  Kramer  1933, 
Parker  19*49,  Seeley  19*49,  Hunt  1951, 
Veretennikov  1 959  and  196*4,  Hosner 
and  Boyce  1962,  Hook  1968,  Hook 
et  al.  1971b 

Bergman  1920,  Cannon  and  Free  1920, 
Heinicke  1932,  Marth  and  Gardener 
1939>  Curtis  19*49,  Schramm  1950, 
Williamson  1968 

Zimmerman  19S0,  Kramer  1951  >  Hal.1 
and  Smith  ipp^,  Veretennikov  1959, 
Hosner  and  Boyce  1962,  Yelenosky 
1964,  Hook  1968,  Reid  and  Crozier 
1971.  Hook  et  al.  1971b,  Kawase 
1974 

Bergman  1920 
Schramm  195° 

Snow  1904,  Weaver  and  Himmell  1930 

Heinicke  1932,  Curtis  19*49,  Schramm 
1950 

Cochran  1972 
Yelenosky  196*4 

Marth  und  Gardener  1939 ,  Kramer 
1951,  Williamson  and.  Splinter  1968 

Bryant  193*4,  Schramm  1950 


Heinicke  1932 


Heinicke,  et  al,  19*i0 
(Continued) 
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Table  1  (Concluded) 


_ _ _ _ Kesponse _ 

Fruit  abscission 
Decreased  transpiration 

Excretion  of  organic  compounds 
by  roots 


_ _ _ Citation _ 

Haas  1936 

Livingston  and  Free  1917 3  Bergman 
1920,  Heinicke  1932,  Childs  19I1I, 
Childers  and  V/h.ite  19^2,  Caughey 
19J-*9,  Loustalot  19^5,  Parker  19U9, 
Kramer  1951 

Grineva  1962 


re- 


Direct  sources  of  inj  ury 

34,  Low  Og  concentration.  Anaerobic  conditions,  or  anoxic 
suit  from  the  depletion  of  available  Og  in  the  soil  through  aerobic 
respiration  coupled  with  a  reduction  in  gaseous  diffusion  rates. 

35-  The  adverse  effects  of  poor  soil  aeration  on  plants  have  long 
been  hypothesized  and  demonstrated  to  varying  degrees  (Livingston  and 
Free  1917,  Bergman  1920,  Cannon  and  Free  1920,  Cannon  1925,  Beardsley 
and  Cannon  1930,  Zimmerman  1930,  lleinicke  1932,  Haas  1936,  Marth  and 
Gardener  1939,  Loustalot  1945).  Virtually  all  of  the  visible  symptoms 
associated  with  flooding  have  been  ascribed  to  poor  aeration.  Soil  an- 
aerobiosis  is  probably  the  most  basic  cause  of  observed  flooding  injury, 
although  secondary  plant  responses  mediate  some  symptoms.  Bergman  (1959 ) 
attributed  the  death  of  the  root  system  in  oxygen-deficient  soil  to  in¬ 
hibition  of  respiration,  which  reduces  energy  available  for  maintenance 
and  growth.  Kramer  (1951)  presented  a  scenario  that  is  u  comprehensive 
model  of  flood  injury.  According  to  Kramer,  flooding  causes  u  reduction 
in  water  uptake  by  the  root  system  followed  by  wilting  of  shoots  and 
leave  ,  chlorosis  and  death  of  the  lowest  leaves,  epinnsty  of  middle 
leaves,  and  adventitious  rooting.  The  rapid  production  of  adventitious 
roots  decreases  the  degree  of  injury  and  facilitates  postflooding  re¬ 
covery  in  some  plants.  Kramer's  model  is  based  on  research  with  tomato, 
but  his  observations  are  consistent  with  findings  for  many  woody  and 
herbaceous  species.  Yej.enouky  (196*1) ,  for  example,  used  several  tree 
species  and  observed  decreased  transpiration  rate:  .  increased  leaf  water 
deficits  (where  leaf  water  loss  exceeds  supply),  and  adventitious  root¬ 
ing.  DeW.it  (.1969)  found  that  deoxygenuted  culture  results  in  decreased 
polysaccharide  contents  in  barley  roots  and  speculated  that  the  formation 
of  cell  walls  is  inhibited  at  .low  oxygen  concent. rations .  This  model  Is 
useful,  too,  in  that  it  supports  the  metabolic  and  anatomical  adaptations 
that  have  been  demonstrated  more  recently.  Kramer  (1951 )  suggested  that 
accumulation  of  auxin  and  the  cessation  of  downward  translocation  of  car¬ 
bohydrates  result  in  stem  hypertrophy  and  adventitious  rooting.  Actual 
mechanisms  pf  response  will  be  discussed  Later. 

36.  It  should  be  borne  in  mind  that  different  plants  will 


manifest  different  responses  to  low  oxygen  concentrations  around  the 
roots.  Schramm  (1950),  for  example,  found  that  oats  and  bn  >'ley  grown  in 
nonaerated  solution  culture  developed  longer  roots  than  either  the  con¬ 
trol  or  the  forced  aeration  treatments.  In  contrast,  tomato  and  corn 
had  the  shortest  root  systems  in  the  nonaerated  culture.  Woody  species, 
too,  show  differing  responses  to  root  anoxia.  In  a  comparison  of  tulip 
tree  (Liriodendron  tulipif era) ,  sugar  maple  (Acer  saccharum),  white  oak 
(Quercus  alba),  honey- locust  (Gleditsia  triacanthos ) ,  and  American  elm 
( Ulmus  americana) ,  only  American  elm  developed  adventitious  roots 
( Yelcnosky  1964). 

37-  Accumulation  of  COp.  Next  to  lowered  0  concentrations,  the 
accumulation  of  toxic  levels  of  CO^  around  the  roots  is  the  most  oh 
served  and  best  documented  adverse  effect  of  soil  saturation.  Much  of 
the  work  has  involved  varying  proportions  of  C0o  and  0  in  an  effort  to 
determine  compensating  effects.  Knight  (1924)  found  that  COg  concentra¬ 
tions  of  up  to  1 5  percent  did  not  affect  corn  after  the  soil  had  been 
fumigated  for  5  days  with  various  concentrations  of  CO„.  Pure  CO  ,  how- 

d  C 

ever,  caused  willing  in  2  days.  Cannon  (.1925)  concluded  that  oranges 
were  highly  tolerant  of  CO,,  because  some  root  growth  was  maintained  even 

cl 

when  l  oots  were  gassed  with  21.  H  percent  00,^,  1.3  percent  0,,,  and 
7b- .  percent  N  or  75  percent  CO,,  and  25  percent  0  .  In  contrast, 

(Hvtou  (1927)  found  that  root  elongation  was  suppressed  with  37  to 
5L>  percent.  CO.,  even  with  0  concentrations  of  17  to  20  percent. 

c ■  1 . 

30.  Childs  (l94l)  concluded  that  low  0o  concentration,  not  CO,, 
concentration,  had  an  overriding  effect  in  decreasing  transpiration  and 
photosynthesis  .in  apples.  V  l.umis  and  Davis  (.1.944)  found  that  passing 
00,,  lb  rough  a  nutrient  solution  in  which  rice,  barley,  and  tomato  were 
growing  caused  an  immediate  cessation  of  growth  with  concomitant  wilt¬ 
ing.  Barley  van  especially  susceptible  as  growth  could  be  stopped  with 
20  to  30  percent  partial  pressure  of  CO  even  though  the  remainder  of 
the  gas  mixture  wua  0,,.  fitolwijk  and  Thiinun  (.1947)  identified  oats  and 
barley  as  being  more  tolerant  of  CO,,  than  pea,  bean,  sunflower 
( He Llanthui;  annuus ) ,  and  broadbean.  The  tolerant  plants  continued  root 
growth  until  CO,,  concentration  exceeded  6.9  percent,  while  X  percent  CO,, 
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wap  sufficient  to  .retard  the  latter  group.  Williamson  (.1.968),  too, 
found  that  broadbean  was  sensitive  to  C0o,  though  not  particularly 
sensitive  to  low  0,,  concentration. 

39*  Harris  and  Van  Bavel  (1957)  generalized  from  past  research 
and  stated  that  in  the  absence  of  C0_ ,  0  concentration  would  have  to 

ti  C- 

drop  below  2.  percent  'or  deficiency  symptoms  to  appear.  The  introduc¬ 
tion  of  C0o  was  found  to  aggravate  the  effects  of  anoxia,  hut  as  long 
as  0n  concentration  was  greater  than  10  percent,  C0o  toxicity  could  be 
avoided.  They  further  qualify  this  generality  by  adding  that  the  CO 
concentration  cannot  be  greater  than  the  0o  concentration.  Cessation 
of  elongation  by  either  roots  or  shoots  wa3  the  usual  criterion  for 
assessing  injury.  Harris  and  Van  Havel  found  that  leaf  elongation 
dropped  sharply  when  C0o  concentration  exceeded  0^  concentration.  It 
should  be  recognized  that  the  authors  did  not  control  for  other  factors 
that  could  affect  leaf  elongution. 

1(0.  In  addition  to  reducing  plant  growth,  C0o  in  the  soil 
atmosphere  has  been  shown  to  result  .in  .larger  diameter  roots  und  a 
suppression  of  root  respiration  (Chunks  and  Laurie  191*9),  Caughey 
(lhltS)  has  shown  that  transpiration,  too,  is  affected  by  CO,,  around  the 
roots,  inkberry  (ilex  glabra),  wuxmyrtlo  (Myrica  cerifera)  sweet  pepper- 
hush  (Clcthra  a'lnlfo  Lia) ,  and  white  oak  (Qucrcuo  alba)  all  showed  de¬ 
creases  in  transpiration  by  50  to  70  percent  after  1  day  of  exposure 
to  00,-, -saturated  soil. 

Hi.  Nutrient  uptake  also  Is  affected  by  abnormally  high  CO,,  con¬ 
centration  around  the  roots.  Viands  and  Davis  (39W1 )  were  able 
demonstrate  decreased  potassium  uptake  in  hurley  and.  tomato  hut  not  in 
rice  when  plants  were  grown  in  0.005  M  Kllr  solutions  saturated  with  CO  . 
in  a  comprehensive  study  by  Chang  and  Loomis  (19H5)  with  wheat ,  corn, 
and  rice,  bubbling  CO,,  through  nutrient  solutions  for  10  min/hr  for 
36  hr  d  ccreascd  the  accumulation  of  elements  in  the  plant  tissues  in  the 
order  K>N>P>0;i>Mg.  More  recently,  Grab.I.c  (3.966)  found  that  concentra  ¬ 
tion  of  CO,,  in  excess  of  DO  percent  caused  chlorosis  and  decreased  ion 
uptake  in  corn  and  soybean. 

hr’.  It  is  uppurcnl  from  this  brief  treatment  that,  high  CO,, 
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concentrations,  like  low  concentrations,  affect  a  variety  of  plant 
functions,  beginning  with  respiration  on  the  most  basic  level,  and  then 
directly  or  indirectly  altering  nutrient  uptake  und  growth.  The  actual 
mechanisms  of  the  various  injuries  are  poorly  understood. 

43.  Production  of  organic  acids.  It  will  be  recalled  that 
anaerobic  respiration  of  carbohydrate-rich  organic  matter  results  in 

the  production  of  a  variety  of  fatty  and  hydroxy  acids  (Russell  1973)  by 
anaerobic  bacteria.  While  many  of  these  acids  are  toxic  to  plants, 
little  work  has  been  done  to  determine  the  actual  toxic  concentration 
and  whether  these  concentrations  are  reached  under  field  conditions. 

Nevertheless,  it  appears  that  field  concentrations  of  some  organic  acids 

-2 

may  approach  1°  M  for  several  weeks  after  flooding  (Russell  1973), 
and  this  could  be  sufficient  to  reduce  or  stop  root  growth.  Russell 
(1973),  for  example,  states  that  butyric  acid  is  toxic  in  concentration:; 

-4  -? 

uf  10  M  while  acetic  ueid  is  toxic  in  concentrations  of  10  '  M.  Wang 
et  al.  (1967)  cite  the  work  of  Uoerner  (1956)  in  which  p-coumuric  and 
p-hydroxybenzoic  acid,  suppressed  root  elongation  in  rye  and  wheat,  while 
stimulating  root  growth  in  barley.  These  same  work era  found  that  formic, 
propionic,  noetic,  and  n-vaicri.c  acids  in  nutrient  solution  depressed  top 

growth  in  sugar  cane  in  concentrations  of  5  *  10  N.*  iso-  and  normal 

-4 

butyric  acids  were  more  toxic,  depressing  growth  at  1  x  10  N  eonceu- 

_4 

t^ations.  Uurprisingly ,  1  <  10  N  concentrations  of  Lactic,  malic,  and 
.succinic  acids  promoted  top  growth  In  sugar  cane  by  up  to  71  percent 
over  the  controls  (Wang  et  al.  1967).  It  in  apparent  that  under  condi¬ 
tions  whore  noils  arc  high  in  organic  matter ,  concentrations  of  organic 
acids  may  urine  under  flooded  conditions  that  affect;  the  growth  response 
of  plants. 

44.  Methane  and  ethylene.  Along  wild;  r;0MS  methane  is  a  major  end 
product  of  respiration  by  obligate  anaerobes  in  the  soil  after  the  first 
few  days  of  flooding  ( T’otrarmperurau  1972,  Russell  1973).  Methane  can 
continue  to  be  produced  for  a  .long  period  of  time  by  specialized 

*  N,  or  normality,  is  defined  us  the  number  of  griun- equivalents  of 

solute  dissolved  in  1  t  of  solution.  A  gram-equivalent  is  numerically 
equal  to  Die  gram-atomic  weight  of  a  compound  divid'd  ly  iq,s  valance. 


anaerobic  bacteria  that  reduce  fatty  acids,  hydroxy  acids ,  cellulose , 
ethanol,  and  C0n  ( Pormamperuma  1972,  Russell  1973).  Despite  early 
reports  of  growth  reductions  in  tomato  and  barley  resulting  from  methane 
bubbled  around  the  roots  (Vlamis  and  Davis  19*+*t ) ,  recent  research  has 
demonstrated  the  noninjurious  nature  of  methrue  (Vclcnusliy  196*! ) . 

1*5.  Ethylene  in  another  low  molecular  weight  hydrocarbon  pro¬ 
duced  by  bacteria  in  anaerobic  soils.  Etliylene  can  persist  due  to  its 
low  solubility  in  water.  Of  all  the  organic  gases  produced,  only 
ethylene  has  a  pronounced  effect  on  plant  growth.  Russell  (1973) 
reports  thut  root;  growth  in  tomato,  tobacco,  barley,  and  rye  was  de¬ 
creased  when  ethylene  in  concentration  of  1  ppm  was  supplied  to  the 
roots.  Measurement  of  ethylene  concentration  in  poorly  drained  clay  in 
fields  has  shown  that  concentrations  can  reach  and  exceed  this  level  for 
up  to  2  months  per  year  (Dowdell  ct  al.  1972).  While  this  may  he  n 
significant  factor  controlling  plant  growth  on  some  3oils,  the  mujor 
influence  is  probably  ethylene  produced  by  the  plant  under  flooded  con¬ 
ditions  (Kuwuso  197*0  ■  This  issue  will  be  discussed  in  more  detail 
later. 

1»6,  Hydrogen  sul fide  (HgB).  Hydrogen  sulfide  is  produced  under 
unuurobiosis  by  Desulphovlbrlo  bacteria,  obligate  anaerobes  that  reduce 
sulfate  compounds  to  sulfides.  The  result  is  the  liberation  of  II  a, 
which  has  a  demonstrated  toxicity  in  concentration  of  10  M.  Virtuul )y 
all  metabolic  functions  of  the  roots  are  directly  or  indirectly  affected 
by  H0D,  resulting  in  the  death  of  the  root  system.  Armstrong  arid  JJoat- 
mun  (1967)  observed  that  roots  w ere  rotted  or  stunted  in  moor  grass 
(Mo  I i  11  i a  np. )  and  sedge  (Curst  rusbrata)  growing  in  bogs  where  our  face 
concentrations  of  II, ,11  reached  7-9  mg/X.  However,  they  also  demonstrated 
that  plants  with  an  ability  to  oxidize  their  rhizosphure  could  form 
protective  sheuths  of  He,/)  ■  IIO  around  the  roots.  Hydrated  ferric 

f  J  1 

oxide  could  react  with  II,/!  to  pree ipi.t.ute  insoluble  Hell.  HussoJl  (.1.973) 

*4*  ^ 

states  that,  the  presence  of  high  concentrations  of  T’e  i.u  neutral  sox. I.s 
w.U.1  also  eliminate  the  problem  of  II, /• .  Aornine  (  demonstrated, 

too,  that  the  presence  of  J’e+  *  in  the  so:i  I  solution  indicutes  un  Eh 
that  Is  loti  high  to  permit  the  reduction  of  suifut.es.  Thus  It,,!!,  though 
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highly  toxic  to  roots,  is  likely  to  present  a  serious  problem  only  in 
specific  cases  such  us  soils  that  are  high  in  organic  inatter  and 
deficient  in  iron. 

1)7.  Iron.  Pormnmprmmu  (1972)  states  Unit  the  uiost  important 

chemical  change  in  flooded  soils  in  the  reduction  of  iron  and  the 

+2 

corresponding  increase  in  its  solubility.  Conceivably,  Fe  could  reach 
toxic  levels  in  flooded  soils  as  suggested  by  Misra  (1938).  Recent  work 
suggests  that  concentrations  as  high  as  500  ppm  are  not  toxic  to  rice 
(De  and  Mandal  1957)-  Fonnamperuma  (1965)  reports  a  range  of  Fe 
between  0.25  and  290  ppm  for  soils  flooded  for  50  de.ys.  Despite  the 
potentially  high  concentrations  of  ferrous  iron  in  flooded  soils,  toxic¬ 
ity  is  not  generally  recognized  as  a  problem  except  on  tropical 
latcritos . * 

48.  Manganese,  Manganese  in  the  reduced  manganous  (Mn  )  form  is 
another  metallic  ion  produced  in  submerged  soil  that  cun  be  toxic  to 
plants.  According  to  Ponnamperumu  (1970),  toxicity  to  rice  does  not 
occur  in  flooded  noils.  Junes  (1972),  however,  reports  toxicity  symp¬ 
toms  in  sedge  ( Carex  nigra )  and  red  fescue  ( Fostuca  rubra)  at  200  ppm. 

He  found  concentrations  in  excess  of  1000  ppm  in  slant  sands  and 

+2 

suggests  that  Mn  could  be  a  factor  influencing  species  distribution. 

)|9-  nummary.  Flooded  soils  are  characterized  by  an  absence  of 
free  oxygen,  that  its,  demonstrate  reduced  '-(jnditionn •  Plant  growth  and 
survival  are  directly  affected  by  uuu< -mli  1  c  conditions  and  the  chemical 
by-products  of  anaerobic  respiration  by  soil  bacteria.  Toxicity  has 
been  demonstrated  for  many  of  these  by-products  under  specific  condi¬ 
tions.  General,  ly ,  however,  low  oxygen  is  the  primary  limiting  factor  in 
flooded  soils,  and  toxic  accumulations  of  ions  mid  organic  acids  and 
gases  exert  a  secondary  effect.  The  sepurution  of  simultaneous, 
synergi  sti.e  effect!)  is  extremely  difficult. 

Adaptive  responses  uo  flooding 

50.  Nature  of  uduptat i.on.  Plants  respond,  directly  to  the  low 


*  Personal  communication,  i  May  1978,  Duane  {5.  Mikkelson,  Professor, 
Dept,  of  Agronomy  and  Ha  age  Me.I.eji.ei!,  University  of  Calif  uvula,  bavin. 


oxygen  concentrations  .found  in  saturated  soils  and  to  the  reduced  com¬ 
pounds  arising  from  unuorobiosis .  These  responses  are  most  appropriately 
regarded  as  injuries,  as  discussed  above, 

51.  Indirect  responses  include  those  hormonal,  metabolic, 
unatomicul,  and  morphological  changes  occurring  in  plants  when  they  are 
flooded.  Many  of  these  changes  arc  adaptive  in  that  they  convey  flood 
tolerance  to  plants.  As  previously  suggested,  the  semantic  line  between 
adaptation  und  injury  in  fine.  The  focus  of  this  section  is  on  the 
mechanisms  and  (Adaptive  significance  of  flood-induced  changes  in  plants. 

'j 2.  In  a  strict  sense,  an  adaptation  arises  in  response  to 
selective  pressures  that  differentially  favor  evolutionary  trends. 
Acclimation,  on  the  other  hund,  refers  to  an  organism's  ability  to 
respond  Lu  changes  in  the  environment.  The  plasticity  of  phenotypic 
response  reflects  the  degree  of  specialization  a  plant  has  undergone  to 
exploit  its  environment.  With  regard  to  flooding,  some  plants  have 
become  specialists  in  their  ability  to  tolerate  or  even  require  flooded 
conditions.  Others,  which  ure  not  particularly  specialized,  are  able  to 
undergo  acclimation  processes  that  enable  them  to  tolerate  flooding. 

This  distinction  generally  is  neglected  in  the  literature.  Much  of  the 
understanding  of  flood  tolerance  has  been  gained  from  studying  plants 
that  are  not  adapted  to  flooding  but  which  can  acclimate  to  flooding  if 
so  required.  The  ability  to  generalize  effectively  from  basic  research 
to  applied  situations  rests  on  a  recognition  of  this  distinction. 

hi.  Anatomical  .and  morphological  responses.  Anatomical,  and 
morphological  adaptation::  to  flooding  are  the  most  conspicuous  and  have 
received  much  attention  in  the  literature.  The  development  of  new  root 
systems,  roots  with  different  characteristics,  smaller  stems,  inter - 
cellular  air  spares a  and  other  phenomena  commonly  ubserved  in  flooded 
plants  all  have  one  thing  in  common:  they  facilitate  the  conduction  of 
0  to  the  root  system  to  eriah.li>  the  plant  to  avoid  the  consequences  of 
anaerobic  soil.  Evidence  supporting  this  hypothesis  has  appeared,  in  the 
literature  for  some  time.  Ilahn  et  al.  (l$20)  observed  the  development 
of  hypertrophied  l.entieels  below  the  soil  siirfi.ee  on  conifers  growing 
on  wet  sites.  The  connection  between  l.entieels  and  ray  tissue  in  the 

>  1.1. 


phloem  was  described  by  Wetmore  (1926)  who  suggested  that  this  facil¬ 
itated  the  aeration  of  storage  tissue.  Zimmerman  ('1930)  demonstrated 
a  relationship  between  oxygen  concentration  (eu.  1  ppm)  and  the  develop¬ 
ment  of  lenticels  on  submerged  willow  (dalix)  cuttings.  Apparently, 
lenticels  did  not  form  at  0„  concentrations  below  1  ppm,  suggesting  that 
the  stem  could  take  up  0o  through  lenticels  only  when  this  threshold  was 
exceeded. 

9 it .  A  similar  relationship  between  the  location  of  roots  in  bog 
plants  and  aerated  strata  was  observed  by  Emerson  (l92l).  He  classified 
four  types  of  rooting  behavior:  (a)  plants  with  root  systems  horizontal 
and  parallel  to  the  water  table,  (b)  plants  with  taproots  that  die  at 
the  water  table  and  then  produce  horizontal  laterals,  (c)  plants  with  a 
diffuse  system  of  vertical  roots  that  die  at  the  water  table  and 
proliferate  into  a  mat  of  udvuuti Liuus  routs  Just  above  the  water,  and 
(d)  plants  with  roots  that  grow  under  water. 

Working  with  marsh  plants  of  the  genera  bulrush  (tic  irpus ) . 
euttail  ('I'.ypha) ,  reed  (I'hragmltes  ) ,  and  cordgrass  ( 13 parting ) ,  Weaver  arid 
Himmell  (1930)  found  that  root  development  was  again  determined  by  water- 
level  and.,  assumed'ly ,  ncces:;  to  absorbable  0,,.  l’oor  aeration  resulted 
in  the  development  of  fine,  shullow  root  systems.  interestingly,  only 
Typha  developed  aquatic  roots,  although  the  root  morphology  was  similar 
to  the  other  genera. 

96.  Cannon  (l93t)  Infers  that;  under  a  fuvorublc  temperature  and 
light  regime,  willow  (ilu.lix)  and  sunflower  (llellanthus )  can  evo  l  ve  (),, 
photosyntheti call.y  that  cun  be  translocated  from  the  leaves  to  lire  stem 
and  root  where  it  can  be  used  for  respiration.  He  further  suggests  that 
the  partial  pressure  uf  oxygen  In  the  stem  may  be  sufficient  to  diffuse 
out  of  the  roots  into  the  substrate.  Assuming  that  this  scenario  is  cor¬ 
rect,  at  least,  with  regard  to  mechanisms  of  internal  root,  aeration,  then 
an  interconnected  system  of  air  channels  must,  be  present  from  leaf  to 
root.  Conway  (. 1.937)  found  that  in  the  herbaceous  marsh  plant,,  twig  rush 
( 0  Lad.i.um  mariscu.:1. ) ,  as  much  as  6  percent,  of  the  stem  volume  could  be 
f i tied  by  air.  Through  a  series  of  experiments  she  was  able  to  deter¬ 
mine  that  roots  growing  In  unaerated  mud  received  (),,  from  the  buses 
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dead  leaves  and  living,  nongrowing  leaves.  Ghe  found  that  active 
meristems  have  few  air  spaces,  which  may  account  for  the  absence  of  an 
oxygen  contribution  from  growing  leaves. 

57 ■  Conway  (19^0)  formalized  the  internal  aeration  hypothesis  and 
cited  the  need  for  experimental  verification  of  the  role  of  aerenchymi 
lenticels ,  and  adventitious  roots  in  conveying  flood  tolerance. 

McPherson  (1939)  provides  evidence  that  intercellular  air  spuc.es  found 
under  anaerobic  conditions  urc  an  expression  of  injury,  namely  the  death 
of  cortical  cells.  Conway  poses  two  questions  that  lay  the  foundation 
for  much  of  the  modern  investigations  in  the  field.  To  paraphrase, 
Conway  asks:  (a)  Do  roots  of  aquatic  plants  need  less  oxygen  for 
respiration,  or  arc  the  oxygen  demands  met  by  supplies  from  the  shoot 7 
and  (b)  Does  the  aerenebyma  form  a  continuous-  system  and  what  is  the 
oxygen  concentration  in  the  sysr.emV 

9t3.  Drawing,  a  earlier  wort,  Conway  conservatively  states  that 
oxygen  concents'  .loti  around  the  roots  must  drop  below  IP  percent  before 
injury  becomes  apparent  (Cannon  i9i’b,  Zimmerman  1930).  Using  Ci.adium 
marl  seus,  she  found  an  internal  oxygen  concentration  of  lb  percent  which 
exceeds  the  conservatively  high  hhresho l.d  concentration.  Che  notes  that 
though  tlie  volume  of  stem  air  spaces  may  he  high,  Oladium  is  suf frutos- 
ernt  (having  a  woody  rootstock)  and  the  volume  of  port!  spaces  ill  the 
rootstock  is  low.  Conway  suggests  that  root  aeration  in  woody  genera 
like  willow  (Gul.lx)  and  aide ■  (AJaus)  might  he  accomplished  via  a 
connected  system  of  air  spaces  in  the  woody  tissue. 

59.  Most  of  the  important  recent  research  has  dealt  with  gas 
balance  within  plants  under  flooded  conditions  in  an  effort  to  relate 
anatomical  change  and.  metabol  ism.  MneJi  of  (die  work  has  dealt  with  non— 
waody  plants  and  many  of  those  studies  were  with  vegetable  crops. 
Nevertheless ,  results  of  studies  of  woody  plants  coincide  remarkably 
well  wi bh  these  studies. 

bO.  Barber  et  al.  (lOfif)  drew  from  Bryant’ s  (1.9'l't)  observation 
that  barley  grown  with  its  roots  in  anaerobic  medium  developed  cortical, 
ni.r  spaces  and  attempted  to  get  comparative  responses  from  liarl.cy  and 
rice  under  similar  growing  conditions. 
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Jlar.l.ey  is  Hot  typically  aquatic. 


while  rice  is.  'i'he  possibility  that  both  species  manifest  similar 
adaptive  re a ponce a  provided  an  interesting  opportunity  for  experimenta¬ 
tion.  Barber  and  his  cowoj  arts  were  unable  to  induce  the  formation  of 
air  spaces  in  barley,  but  were  able  to  derive  some  important  findings 
nonetheless.  After  determining  the  percent  air  space  in  the  roots  of 
both  species,  they  compared  observed  0,,  diffusion  rutes  with  calculated 
rates  based  on  the  assumption  of  i  nter-  >nnerd,ed.  intercellular  air  spaces, 
'Plin  two  eivr responded  quite  closely. 

6l.  Ooldat enkov  and  Chirkova  (1963)  demonstrated  that  a  range  of 
plants  over  the  mesophyte  +  hygrophyte  (sic)  continuum  wore  able  to  supply 
0  from  the  leaves  to  roots  through  intercellular  air  spaces.  ' vgro- 

I. 

phy tes  with  their  shoots  in  air  were  able  to  supply  (),,  to  theij  outs 
(in  an  anaerobic  solution)  for  an  iile  finite  per  led  of  Lime,  Me sophy Los 
under  similar  conditions  were  able  to  maintain  their  roots  for  only 
Y  days . 

6C.  Could.  (  I  )  studied  buekbean  (Menyanlhcs  tril’ollata.) ,  an 
aquatic  arid  marsh  macrophyte  which  had.  up  to  60  percent  of  the  rhi  koine 
occupied  by  air  spaces.  Oxygen  diffusion  rates  across  the  undodormi s 
were  essentially  Die  same  as  they  would  have  boon  i.u  an  aqueous  system 
while  sort. leal  diffusion  war.  one  twenty  -  -  f  if  LU  the  diffusion  velocity  in 
ai  r.  Oxygen  ropion  i  slmierit.  to  Idle  roots  was  via  th>-  stele,  which  .is, 
j.n  part,  supplied  by  the  aqueous  route  through  the  endoderm i s .  Ooult 
identified  this  aqueous  diffusion  ns  the  rate- L  uniting  factor  i.u  the 
process . 

(>3.  Teal,  and  Kunwisher  (  l.9bb)  and  (Ireenwood  lyY.’l.)  have 

shown  that  with  eordgruss  (opart  ins,  a,  I  term  f.I.ora)  ,  lettuce  ( hactucq 
ii/it  i  va ) ,  and  mustard  (ifinapiis  ui.hu),  0. ,  concentrat  ions  decrease  from 
Leaf  to  root  and  that  diffusion  rates  supjiort  the  theory  that  "eoiitin- 
ims,  non- tortuous  passages"  are  present  from  leaf  to  roots.  Teal  and 
Knnwi  slier  determined  the  respiratory  quotient*  fur  llpurhinu  roots  and 
concluded  that  the  0,,  supplied  to  the  roots  varied  from  0.3  to  I‘  times 
Idle  respiratory  requirements.  (ireenwood  and  (loodman  (  I ')'( I  )  further 

*  liesp  i  i-atory  quotient  =  00,,  evo  I.V  eil/t), ,  consumed. 
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demonstrated  that  0^  supplied  to  mustard  roots  from  the  shoots  decreased 
with  increasing  partial  pressures  of  0^  in  the  rooting  medium,  again 
supporting  the  hypothesis  that  gaseous  diffusion  may  account  for  the 
supply  of  oxygen  to  the  roots. 

64 .  A  number  ol’  workers  have  found  that  under  experimental  flood¬ 
ing  conditions  plants  develop  adventitious  roots  and  have  demonstrated 
to  varying  degrees  that-  the  new  roots,  are  more  porous  than  the  original 
root  system  (Emerson  1921,  Hook  I960,  Luxmore  and  Stolzy  1969,  Yu  et,  al. 
.1969,  Hook  et  al.  1971,  Hook  and  Brown  .1973 ) •  Home  workers  have  found, 
that  cell  walls  ure  thinner  (Bryant  1934)  and  less  suberized  (Schramm 
1990 ,  Hook  et  al.  .1.971 ),  while  others  have  shown  that  flooded  plants 
have  the  ability  to  oxidize  the  medium  around  their  roots  { Jensen  et  al. 
1964,  Hook  I96B,  Hook  et  al.  197 1 ) •  A  caution  is  veil  taken  to  defer 
the  eonelus.iou  that  adventitious  rout lug  under  flooding  always  serves  in 
an  adaptive  role,  (fill  (1979),  though  not  examining  root  porosity 
per  se,  was  unable  to  detect  any  advantage  to  the  shoot  conveyed  by 
advenl.it  Lous  rooting  in  Al.nus  gi.ut.lnosa,  which  is  normally  considered  to 
he  flood  tolerant,  (fill  concluded  that  adventitious  roots  affect,  a 
Large  number  of  plant  activities  over  a  prolonged  period  of  time,  and 
how  and  when  the  phenomenon  is  studied  determines  the  conclusions  that 
can  be  drawn. 

(>[).  Though  foreshadowed  by  earlier  investigations  (thirl: ion  .1.930, 
liifton  ;i 9 ,  i5eho.lmid.cr  el.  al.  1.999),  l ho  actual  role  uJ‘  ieutieeis  i.n 
root  aeration  has  only  recently  been  demonstrated.  Using  species,  of 
iiali.X  and  My r lea  ga.l.e ,  Armstrong  (  I960)  was  able  to  demonstrate  that 
sealing  i  cm  of  stem  tissue  above  the  waterline  effectively  stopped 
oxygen  di fission  to  the  roots.  In  an  extensive  investigation  of  the 
genus  Hyssa,  Hook  (1990)  and  Hook  et;  al.  ( 1 97 1 )  showed  that  stem  lent!- 
eels,  and  not  leaves,  permitted  air  to  diffuse  through  the  stem  to  the 
roots.  Tint  investigators  were  able  to  eause  color  changes  in  reduced 
iiuligo  carmine  dye  around  the  roots  by  switching  (.lie  shoot  environment 
from  N,,  to  air.  When  Idle  stems  were  coated,  with  pumffi.n  and  lanolin 
prior  to  exposing  the  shoot;  to  the  N,,>  air  treatment,  only  a  slight 
color  change  was  noted..  This  change  occurred  in  only  one  replicate  and 


was  attributed  to  a  .leak  in  the  stem  coating,  tiling  similar  techniques, 
Muronek  (.1975)  found  that  under  anaerobic  conditions  both  red  maple 
(Acer  rub ruin)  and  sugar  maple  (Acer  saccharum)  developed  swollen  len- 
ticels,  which  facilitated  oxidation  of  the  rhizosphere. 

66.  Hook  and  Brown  (1972)  experimented  with  water  tupelo 
( Nyssa  aquatlca),  green  ash  ( Fraxinuu  pennsylvanica ) ,  tulip  tree 
(hiriodendron  tulipifera),  cottonwood  (Populus  deltoides ) ,  sweetgum 
(Liquidambar  styraciflua) ,  and  sycamore  ( Plat anus  occidentalis )  to 
determine  the  pressure  drop  required  to  draw  air  from  the  shoot  to  the 
root.  They  found  that  water  tupelo  and  green  ash  (both  flood  tolerant) 
required  a  smaller  pressure  drop  than  the  other  spool on.  Tills  increased 
permeability  was  linked  to  intercellular  air  spaces  i  n  oambial  ray 
initials,  which  were  continuous  through  the  phloem  and  xylem.  They 
b peculated  that  oambial  permeability  may  be  an  expression  of  evolu¬ 
tionary  strategy.  Bpeciea  adapted  to  an  environment  where  water  in  some¬ 
times  limiting  have  an  impervious  cambium  to  impede  water  loss.  Upeci.es 
adapted  to  habitats  where  oxygen  is  limiting  but  water  is  abundant  have 
camhia.L  air  spaces  to  facilitate  gas  exchange. 

(■>'[.  A  topic  deserving  brief  attention  as  a  special  case  Is  the 
nature  and  role  of  pneumatophorea ,  stilt  roots,  swollen  buttresses,  and 
knees  in  plants.  In  a  recent  review  article  on  such  morphological  fea¬ 
tures,  , lunik  (1973)  states  that  the  phenomenon  is  centered  in  the 
tropics,  where  it  has  boon  observed  in  18  dicot  and  3  monoeot  families) . 

It  is  always  associated  with  waterlogged  soils.  He  suinmuri'/.os  tin; 
functions  as  providing  stability,  aiding  nutrient  uptake,  and  providing 
avenues  for  aeration.  1’neuma top} lores;  and  stilt,  roots  are  .aerial  root- 
likc  organs;  found,  on  mangroves  growing  in  tidal  arena  of  the  tropics  and 
subtropics,  both  organs  .are  composed  of  aernnehymntous  tissue  and  are 
covered  with  lent,  i.eeln ,  strongly  suggesting  a  rule  j ix  aerating  sub¬ 
terranean  portions  of  the  .root.  J>  ho lander  and  his  coworkers  (.1955) 
performed  field  measurements  on  Mack,  mangrove  (Avlcennia  liii.lda,  which 
lias;  pneumatophores )  and  red  mangrove  (Rlxi  zophora  mang  l  e,  which  lias  stilt 
roots)  and  found  that;  both  species  do  have  a  direct  gas  connect ion 
between  the  sjubterranoan  and  aerial  portions  of  the  root, , 
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atilt  rool  and  pneumatophores  were  exposed  at  low  tide,  oxygen  concen¬ 
tration  in  the  belowground  poi’tion  of  the  root  systems  was  maintained 
at  10  to  .18  percent  When  pneumatophores  were  removed  from  black 
mangrove,  oxygen  concentrations  in  the  roots  dropped  to  less  than  1  per¬ 
cent  within  2  days.  Similarly,  plugging  the  lenticels  on  red  mangrove 
resulted  in  a  rapid  decrease  in  oxygen  concentration  in  the  roots  . 

68.  In  the  swamps  of  the  southeastern  United  States,  swollen 
buttresses  and  root  knees  are  found  on  baldcypress  ( Taxodlum  distichum) 
and  water  tupelo  (Nyssa  aquatiea).  Like  pneumatophores  and  stilt  roots, 
their  modified  trunks  and  roots  have  long  been  suspected  of  aiding  in 
root  aeration. 

69.  l’eufound  (193*0  exa'  ined  the  anatomy  of  Nyssa  aquatiea  and 
found  that  the  density  of  the  wood  increased  from  knees  to  buttresses 

to  normai  k,  corresponding  to  decreasing  numbers  of  parenchyma  cells 

and  ring  w.i.uths,  Ke  found  little  evidence  suggesting  aerenchyma  and 
therefore  discounted  the  role  of  buttresses  and  knees  in  aeration, 
though  the  degree  of  expression  of  these  features  was  correlated  with 
depth  of  flooding.  Kurz  and  Demaree  ( 193*0  hypothesized  that  butt  swell 
in  cypress  was  determined  by  the  interaction  of  aeration  and  inundation 
with  swelling  resulting  from  flooding  with  aerated  water.  However,  the 
absence  of  knees  in  deep  water  caused  them  to  be  skeptical  about  their 
role  in  internal  aeration.  Whi.tford  (19!?6)  offered  the  observation 
that  cypress  knees  were  found  only  in  situations  where  roots  were 
partially  inundated  and  attributed  the  formation  of  knees  to  higher 
cn.mbi.al  activi  ty  on  the  tops  of  roots  whe.>  e  aeration  was  presumably 
better.  Tt.  would  bo  useful  to  reexamine  the  occurrence  of  knees  and 
trunk,  buttresses  in  light  of  Kuwasc's  recent  (1977)  findings ,  which 
relate  roofing  of  submerged  cuttings  to  ethylene  accumulation- 

70.  The  function  of  cypress  knees  in  aeration  was  examined  by 
Kramer  et  al .  (1952).  They  concluded  that  the  knees  were  permeable  and 
that  gas  movement  to  the  roots  via  the  knees  was  possible.  That  this 
does,  in  fact,  occur  was  not  demonstrated  by  Kramer.  The  rapid  growth 
rate  of  the  meristematic  region  of  the  knees  was  identified  as  the  sink 
for  the  absorbed  oxygen  by  Kramer  and  his  coworkers . 
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71.  In  brief  summary,  a  wide  variety  of  plants ,  including 
domestic  crop  plants,  apuatic  macrophytes,  and  shrubs  and  trees  are 
capable  of  producing  anatomical  and  morphological  modifications  that 
enhance  their  ability  to  withstand  Hooding.  These  modifications  in¬ 
clude  intercellular  ai.r  spaces,  aerenchymu „  swollen  lentieels,  adventi¬ 
tious  roots,  and  pneumatophores .  All  of  these  facilitate  the  movement 
of  0  to  the  root  system,  thereby  avoiding  anaerobic  conditions  caused 

C~ 

by  flooding.  The  role  of  knees  and  buttressed  trunks  in  aeration  is 
questionable  but  available  evidence  suggests  that  it  is  negligible. 

72.  Metabolic  responses.  The  ability  to  regulate  and  utilize 
anaerobic  pathways  in  the  roots,  along  with  the  ability  to  supply  roots 
with  oxygen  through  appropriate  anatomical  modifications,  enable  plants 
to  tolerate  flooding  (Hook  et  al.  1971,  Crawford  1966,  1972,  Hook  and 
Brown  1972,  1973).  Respiration  would  be  expected  to  be  a  good  indicator 
of  changes  in  the  0o  regime  around  the  roots.  Because  energy  for  all 
active  plant  functions  is  derived  from  respiratory  processes,  :it  follows 
thut  the  unset  of  anaerobic  conditions  under  flooding  would  be  expressed 
most  basically  in  changes  in  respiration.  In  turn,  virtually  all  plant 
functions  would  be  influenced  by  these  changes.  As  early  as  193**, 

Bryant  sngg  eo.  \hai»  decreased  aeration  would  lead  to  decreased 
respiration,  thereby  creating  an  excess  of  sugars  that  could  then  he 
incorporated  into  cell  walls.  In  this  way  he  sought  to  explain  the 
occurrence  of  thicker  cell  vails  of  barley  roots  in  anaerobic  culture. 

A  different  conclusion  from  a  similar  observation  was  drawn  by  Van  dur 
Hel.de  et  al.  (1963)  who  found  that  barley  with  roots  in  a  nitrogena.ted 
culture  had  a  soluble  sugar  content  more  than  J.00  percent  higher  and  a 
protein  content  h  to  P'j  percent  higher  than  plants  vi  >.h  aerated  coots. 

It  is  suggested  that  cell  wall  formation  was  inhibited  by  low  0  and 
that  the  unused  sugars  show  up  in  the  assay. 

73.  The  process  of  glycolysis  is  Identical  in  both  aerobic  and 
anaerobic  metabolism.  After  glucose  is  broken  down  to  pyruv.i  acid, 
however ,  its  fate  is  determined  by  the  presence  or  absence  of  oxygen. 
With  adequate  oxygen,  pyruvate  is  respired  aerobically  via  the  Krebs 
cycle  to  CO  and  Ho0.  In  the  absence  of  oxygen,  pyruvate  •  usually  is 


fermented  to  ethyl  alcohol  and  carbon  dioxide.  Alternatively,  different 
pathways  are  available  that  convert  pyruvate  to  several  simple  organic 
acids  instead  of  ethanol.  All  anaerobic  pathways  involve  a  penalty  to 
the  organism  in  that  significantly  less  energy  can  be  obtained  from  the 
partial  breakdown  of  glucose  than  from  complete  oxidation  via  the 
aerobic  pathway.  Three  lines  of  inquiry  are  interwoven  in  contemporary 
literature  of  metabolism  in  flooded  plants.  The  first  deals  with  the 
identification  of  metabolites  from  anaerobiosis .  The  second  compares 
relative  level.",  of  the  metabolites  and  hypothesizes  flood  tolerance 
mechanisms  based  on  general  trends  observed  in  elands.  In  the  third, 
investigators  have  examined  rates  of  metabolism  and  enzyme  activities  in 
an  effort  to  identify  general  differences  between  flood-tolerant  and 
intolerant  plants. 

7*1.  Dubinina  (1961)  found  that  when  oxygen-deficient  conditions 
were  imposed  on  the  roots  of  pumpkin,  tomato,  and  willow  (Sulix  cinerea), 
the  concentrations  of  mulate,  succinate,  and  pyruvate  increased.  This 
indicates  that  glycolysis  and  the  unuurobic  portion  0}'  the  Krebs  cycle 
were  the  major  metabolic  activities  and  that  oxidation  was  retarded  or 
eliminated,  further,  the  root.",  become  enriched  in  amino  acids,  suggest¬ 
ing  a  postponement,  of  protein  synthesis,  because  a  wide  range  of  flood 
tolerances  were  represented  in  his  study ,  Dubinina  concluded  that  the 
phenomena  observed  were  general  to  all  plants. 

7!i.  Crineva  (l9Cn)  found  that  corn  with  roots  in  anaerobic  solu¬ 
tion  culture  increased  the  excretion  of  glucose  and  fructose ,  ami.no 
acids,  urui  the  organic  acids  of  the  Krebs  cycle,  Grineva  notes  that  the 
excreted  substances  ace  ell. her  those  not  utilized  in  aerobic  respiration 
or  dependent  on  .large  energy  inputs  for  further  synthesis. 

'(().  Monitor  of.  1 1, 1  (  I  9tV()  examined  the  production  of  organic 

acids  and  ethanol,  in  tissue  sl  i  ces  from  the  rhizome  of  ye  I  Low  iris  ( Jr  • 
psoudn, corns )  under  various  mixtures  of  0o,  N„.  and  (J0o.  Though  many 
acids  were  detected,  none  accounted  for  a  significant  portion  of  the 
carbohydrate  consumed,  Kt.huno I,  accounted  for  only  '('(  percent  of  the 
carbohydrate  utilized  at.  ()  percent  0  .  These  workers  concluded  that  the 
terminal  oxidase  must  have  a  high  affinity  fur  oxygen  (us  do  the 
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cytochrome  oxidases)  to  permit  such  a  large  percentage  of  the  carbohy¬ 
drate  to  ho  respired  aerobically.  Armstrong  and  Guynard  (1976)  found 
that  ')  percent  0,,  was  sufficient  to  maintain  unrestricted  aerobic 
respiration,  supporting  the  theory  that  the  system  has  a  high  oxygen 
affinity.  Lumbers  (1976)  provides  additional  supportive  evidence  of 
high  oxygen  affinity  of  the  terminal  ociduse  in  flood-  tolerant  groundsel 
(Senecio  aquaticus).  Recent  work  by  Ye  et.  at,  (.1.977)  and  Carpenter  and 
Mitchell  (1977)  has  correlated  flood  tolerance  in  several  woody  species 
with  cyanide-resistant  respiration.  This  indicates  that  an  alternative; 
oxidase  to  the  cytochrome  system  may  have  a  role  in  flood  tolerance. 

77.  One  of  the  most  active  workers  in  the  field  of  vegetutioil 
flood  tolerance  has  been  Crawford .  lie  studied  nonflood-tolerant 
species  in  the  genus  lleneelo,  and  observed  that,  when  subjected  to 
flooding,  they  showed  decreased  growth  rates,  accelerated  raters  of 
glycolysis,  and  accumulated  potentially  toxic  quantities  of  ethanol 
(Crawford  .1.966),  In  a  subsequent  arti  c  l  e,  Crawford  (.1967 )  further 
demonstrated  that  the  activity  of  the  enzyme  alcohol  dehydrogenase  (ADIl) 
was  increased  in  flood-intolerant  plants.  lie  pointed  out  I, hut  organic 
acids  could,  he  further  broken  down  and  therefore  the  entire  organic  acid 
component  should  he  examined  to  adequately  portray  the  dynamics  of 
anaerobic  respiration.  Kthyl  alcohol,  on  the  other  hand,  is  not  further 
respired  and  increased  production  could  be  used  us  an  indication  of 
intolerance. 

78.  ihu’ suing  the  enzyme  activity  idea  further,  Crawford  and 
McMarmon  (1968)  applied  acetaldehyde,  an  ADII  inducer,  to  a  range  of 
tolerant  and  intolerant  plants  with  varying  stem  morphologies.  It  was 
found  that  helophytes  (flood- tolerant  plants,)  showed  less  Aid  I  induction 
from  acetaldehyde  than  iionhnlophytes.  'file  fact  that  this  correlator, 
with  performance  under  flooded  conditions,  regard!  os, s,  of  the  amount  of 
uereuohyma,  suggested  that  it  could  bo  used  an  a  screening  method  for 
flood  tolerance . 

79-  More  recen  t  work  ( W  i  gnarajah  and  fireenway  I  976,  W.i  guurujuh 
et  ul.  1.976)  has  east  some  doubt  on  the  usefulness  of  ADII  activity  ill 
predicting  flood  tolerance.  ADII  activity  is 
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tension  within  the  roots,  which  in  turn  is  dependent  on  root  anatomy 
and  morphology.  In  corn,  high  ADH  activity  was  found  in  roots  when  the 
surrounding  media  had  an  0.-,  content  between  3  and  13  percent.  Thus  a 
flood-tolerant  plant  with  a  high  proportion  of  aerenchyma  in  the  stem 
could  conceivably  have  an  ADH  level  higher  than  an  intolerant  species 
simply  because  the  flood-tolerant  species  is  able  to  provide  more  (),,  to 
the  roots.  In  addition,  it  has  been  shown  that  flood-tolerant  species 
may  have  lower  radial  permeability  rates  than  intolerant  species 
(.Tonsen  ot  ul.  .1.967) «  which  could  result  in  loss  0,,  and  correspondingly 
higher  ADH  level:-,  in  tolerant  species. 

80.  Wignnrujuh  and  Greenway  (1976)  were  able  to  detect  a  gradient 
in  ADH  activity  that  increased  toward  the  root  apex.  This  indicates 
that  younger  tissues  may  have  intrinsically  higher  levels  of  enzyme 
activity,  and  sample  material  for  flood-tolerance  tests  would,  have  to  he 
selected  from  tissues  of  equivalent  physiological  ages. 

81.  Lambern  (1976)  has  found  that  the  activity  of  several  enzymes 
increased  while  respiration  decreased  in  roots  under  anaerobic  condi¬ 
tions.  Increased  activity  of  reduced  nicotinamide-adenine  dinucleotidc 
(NADH) -oxidizing  enzymes  (nitruto  reduetuse,  glutamate  dehydrogenase, 
and  luetutu  deliydrogenase)  is  proposed,  as  one  possible  mechanism  by 
which  adenosine  tr  iphosphate  (ATT)  for  amino  acid  synthesis  may  bo  ob-  • 
tuined  anaerobically,  blunders  draws  on  an  earlier  finding  (Van  dor 
Ue.i.de  et  al.  19^3,  Devil  1969)  and  suggests  that  ATT  levels  may  also  be 
maintained  through  the  inhibition  of  cell  wall  synthesis.  Interestingly , 
the  finding  that  nitrate  reductase  activities  increased  in  anaerobic 
roots  suggests  that  sufficient  oxygon  was  transported  to  the  roots  to 
maintain  a  supply  of  nitrate  in  the  root,  zone. 

OH.  Crawford  and  Tyler  (1.969)  found  that  the  mulutc  to  succinate 
ratio  also  provided  a  correlative  method  for  distinguishing  tolerant 
from  intolerant  plants.  In  helophytcs,  the  ratio  was  larger  thuu  in 
no.uhelophytes.  Other  acids  provided  no  consistent,  patterns  which  could 
be  used  for  separating  plants  into  tolerant  and  Intolerant  groups.  The 
accumulation  of  succinate  has  been  associated  with  tissues  damaged  by 
exposure  to  carbon  dioxide  or  nitrogen  atmospheres  (llulme  1.996,  Hendall 


et  aJL.  I960,  Wager  1961)  while  malate  accumulation  occurs  in  tissues 
not  irreversibly  damaged  by  anoxia  (Henshaw  et  al .  1962). 

83.  Crawford  and  Tyler  (1969)  have  also  suggested  that  the 
accumulation  of  malic  acid  in  flooded  root  systems  may  not  represent  a 
metabolic  switch.  Rather,  malate  may  be  produced  to  correct  the  charge 

imbalance  in  the  cells  resulting  from  the  uptake  of  reduced  cations 
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(notably  Mn  ).  This  hypothesis  has  recently  gained  support  from 
Keeley*  who  found  that  in  the  genus  Nyssa,  malate  accumulation  accom¬ 
panied  high  rates  of  ethanol  production.  Further,  the  high  rate  of 
growth  observed  in  swamp  tupoln  (Nyssa  sylvatica  var.  biflora)  after 
1  year  of  flooding  indicates  an  energy  gain  in  excess  of  that  attainable 
via  anaerobic  production  of  malate. 

8)*.  in  summary,  the  study  of  plant  metabolism  under  flooding  con¬ 
ditions  is  one  that  promises  to  help  clarify  understanding  of  flood- 
tolerance  mechanisms  and  provide  expedient  methods  for  screening  flood- 
tolerant  plants.  It  is  fair  to  state  that  at  the  present  time  there  is 
a  paucity  of  generuli aable  results.  The  ability  to  control  rates  of 
respiration  activity  and  selectively  accumulate  nontoxic  by-products 
would  undoubtedly  be  advantageous  under  flooding.  The  ability  to 
oxidise  Lhc  roots  viu  uerenchymu  and  intercellular  air  spaces  is  equally 
important;  however,  metabolic  studies  must  be  considered  to  ensure 
proper  interpretation  of  the  results. 

H‘j.  The  role  of  plant  hormones  in  flooding  responses .  'flic 
diversity  of  morphological  responses  to  flooding  hen  suggested  that 
hormones  might  pi. ay  a  significant  role  in  flood  injury.  A  plant  hormone 
may  be  defined  as  a  naturally  occurring  organic  compound  that,  in  small, 
c one out rut  ions  ,  modifies  physiologi  cal  processes  (Huppuport  197*1)  • 

These  reactions  are  involved  in  protein  synthesis,  cell  wall  format Jon, 
and  synthesis  of  secondary  compounds  (including  hormones)  and  are 
manifested  in  turn  by  the  growth  of  the  plant.,  l.cuf  abscission,  stem 
hypertrophy,  adventitious  rooting,  chlorosis,  epi.nasty,  decreased 

*  Keeley,  J.  R.  19TY-  Malic  acid  accumulation  .in  roots  in  response  to 
flooding:  evidence  for  a  new  hypothesis.  Uupuh.  munuseript.  Occi¬ 

dental  College,  L.  A.  (>  pp. 


elongation,  and  similar  morphological  changes  all  implicate  hormonal 
mediation  in  flooded  plants.  The  synthesis  of  a  particular  hormone  does 
not  necessarily  Indicate  a  plant’s  ahil ity  to  withstand  flooding,  rather, 
site  of  synthesis ,  situ  of  action,  and  amount  of  a  hormone  will  deter¬ 
mine  the  nature  of  the  plant’s  responses.  These  responses,  together 
with  a  plant's  respiratory  and  anatomical  adaptations,  determine  the 
success  of  a  flooded  plant.  The  first  suggestion  that  hormones  may  act 
in  flood  injury  come  from  Jackson  (19^6).  He  took  issue  with  the 
prevalent  view  that  flooding  injury  was  owned  by  docreuned  water  and 
nutrient  uptake  and  Huggentod  thut  injury  arose  from  the  inability  of 
tin;  flooded  rout  to  supply  the  shoot  with  an  unknown  substance  necessary 
for  normal  growth. 

86.  The  most  popular  hormone  for  study  in  flooding  response  i3 
ethylene.  The  symptom!)  of  ethylene  exposure  were  first  elaborated  by 
Crocker  et  al.  (l91j)  who  described  a  "triple  response"  in  etioLated 
pea  seedlings  of  (u)  decreased  rates  of  stem  elongation,  (b)  increased 
stem  diameter-,  and  (c)  stem  pi  nasty.,  Miehuner  ( lyjll )  found  that 
ethylene  increased  the  sensitivity  of  plants  to  auxin  ( induleacelic  acid 
or  TAA)  and  suggested  that  Idle  two  hormones  acted  synergi  sticul.Ly  to 
produce  tin:  triple  response. 

07.  Dmilh  and  Hestfa.LJ  (j.97l)  postulated  that,  ethylene  in  flooded 
field  soils  could  be  u  significant  factor  in  determining  plant  responses 
to  flooding.  Concentrations  far  i  n  excess  of  the  pliysio  1  <  >gical  thresh¬ 
old  were  subsequently  found  in  field  studies  (Cmith  arid  Dowdell  197*0, 
and  it.  was  later  di.Leriiunt  <1  that,  the  othv  low  wn:  of  microbial  origin 
(‘Imi.th  I  97b) . 

HD.  kthyieiu:  also  is  produced  endogenously  by  flooded  plants, 
though  the  site  of  synthesis  is  debatable.  Jaekson  (  1  9’t(>)  and  .Jackson 
and.  Campbell  (i.'/i'bu,b)  main  tain  tiiat  the  stimulus  for  ethylene  produc¬ 
tion  arises  in  the  root  under  unuerobii  m  ir;  and  is  translocated  to  the 
shoot  where  ethylene  is  synthesized  and  its  effects  are  observed. 

Kiiwase  (i.97'1,  1976,  1  f>77 )  builds  a  convincing  case  for  the  synthesis  of 
ethy.’l '•ru*  in  both  the  stem  and  root..  Under  normal,  conditions,  endogenous 
ethylene  gas  is  dissipated  to  the  air  before  active  concentrations 
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reached.  When  a  stem  or  root  in  flooded,  however,  ethylene  accumulates 
in  the  plant  tissue  because  of  its  low  solubility  in  water.  Kuwusc 
( 1972a,  1972b,  197^,  1976,  1977)  has  found  that  ethylene  accumulates  in 
stems  of  crabapple  (Malus  robusta),  privet  (hicustrum  obtuaifoliuin) , 
chrysanthemum  (Chrysanthemum  morlfolium),  sunflower  ( Hel i ant hua  annuus ) , 
tomato,  radish,  and  willow  ( Hal lx  fragllls )  when  portions  of  the  stem  are 
either  submerged  in  water,  centrifuged  in  water,  or  wrapped  in  plastic 
film,  in  all  casco,  ethylene  accumulation  was  thought  to  result  from 
impeded  diffusion  rather  than  ucecleruted  production  by  the  tissues, 
iithylcne  also  uppours  to  be  translocated  to  portions  of  the  plants  not 
subjected  to  treatment  (tfawann  1.977 )  •  Ho+.h  the  local  accumulation  of 
ethylene  und  its  translocation  to  other  parts  of  the  plant  arc  highly 
correlated  with  flooding  responses  ouch  a3  leaf  epinasty,  chlorophyll 
breakdown,  stem  hypertrophy,  ,md  adventitious  rooting  (Knwnse  .197^). 

The  causal  link  between  etliylene  and  these  responses  has  been  almost 
conclusively  established  by  the  finding  that  plants  treated  with 
ethephon  (a  synthetic  compound  that  release:',  otliylenu)  show  tile  same 
responses  au  flooded  plants  (Kawase  197^0  • 

f)9.  Wample  (.1976)  proposes  that  ethylene,  find  possibly  certain 
auxins,  arc  responsible  for  stem  hypertrophy  and  adventitious  rooting 
in  flooded  sunflower  plants.  because  these  morpho Logical  responses  were 
observed  on  plants  growing  in  unrated  solution  cul  ture,  Waiiip.lo  concluded 
that  these  responses  are  primarily  idle  effect  of  water  around  the  root 
and  possibly  in  the  intercellular  spaces.  Kp:i. nasty ,  stunted  growth,  and 
chlorosis  are  attrilmteil  to  root  anoxia.  Bradford  and  Oil. Icy  (197^,  in 
press)  obtained  somewhat  eon  trad  i  el.ory  results  in  their  study  of  tomato. 
They  concluded  LhaL  root  anoxia  was  the  primary  cause  of  accelerated 
ethylene  production  in  the  shout  and  d i  <1  not  result  from  the  diffusion 
of  ethylene  from  root  to  shoot.  They  did  not  detect  a  concentration 
gradient  of  ethylene  from  root  to  shoot  and  therefore  discount  the  root- 
shoot  diffusion  hypothesis. 

90.  The  synergistic  effects  of  ethylene  and  auxin  were  first 
discussed  by  Mi  dinner  (l‘Hh).  Though  this  work  does  not  deni  pi  th 
responses  to  flooding  directly,  it  is  interesting  to  consider  in  that. 
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light .  Michener  concluded  thut  ethylene  did  not  affect  the  production 
or  transport  of  auxin,  but,  in  conjunction  with  low  auxin  levels, 
ethylene  could  produce  stem  swelling  in  pea,  corn,  and  oats.  The 
similarity  of  this  response  to  stem  hypertrophy  induced  by  flooding 
suggested  to  later  workers  that  other  plant  growth  subs  tunc os  might  be 
responsible  for  flooding  symptoms. 

91.  Phillips  (1964a)  found  that  flooding  the  roots  of  sunflower 
(iicllanthus  annuua)  resulted  in  leaf  epi nasty.  Tf  the  shoot  apex  was 
removed,  the  epinastie  response  disappeared.  Rpimiuty  could  be  restored 
by  supplying  TAA  to  the  cut  shoot  surface.  In  further  experiments,  en¬ 
dogenous  IAA  content  in  the  shoots  of  flooded  sunflowers  was  found  to 
exceed  the  levels  in  control  plants  by  a  factor  of  3  to  4  (Pv ' tlips 
1964b).  Tills  increuse  was  attributed  to  one  or  more  of  the  following: 
(a)  a  cessation  of  TAA  transport  to  the  root,  (b)  inhibition  of  oxida¬ 
tion  of  IAA  in  the  root,  or  (c)  an  accumulation  of  root-synthesized 
auxin.  The  effects  attributed  to  accumulated  auxin  were  suppressed  stem 
elongation  and  the  promotion  of  root  initiation. 

OP ,  Phillips  (1964a)  also  reports  that  gibbercllic  acid  (OA) 
counteracted  the  IAA- induced  l.euf  epinasty.  He  speculated  that  flooding 
the:  roots  may  have  stopped  GA  production  by  the  roots,  resulting  in  an 
IAA/UA  imbalance  in  the  shoot.  There  is  good  evidence  that  both  GA  and 
eytokinin  are  synthesized  in  plant  roots  and  that  Luck  of  root  aeration 
may  reduce  the  levels  of  these  hormones  (.Tones  hi  Phillips  1966, 
burrows  and  Carr  1969,  held  et  al,  1969,  Heid  and  Crossier  1971).  Held 
and  Cro’/.ier  (J9Yl)  have  shown  that  GA  levels,  in  the  root  and  the  shoot 
us  well  as  in  the  xylom  sap  of  tomato  decrease  after  I  Hay  of  root, 
flooding.  They  attribute  the  decrease  in  stem  elongation  to  decreased 
IrA  export  from  the  roots,  but  conclude  that,  other  factors  probably 
become  limiting  after  '(  day;:  of  flooding. 

93.  oelmun  and  ttandattum  ( I.97P)  found  that  growth  of  tomato  in 
nonaerat.ed  culture  solutions  was  increased  by  foliar  application  of  GA 
and  beuzyladeni ne  (a  eytokinin).  (fibbercllie  acid  increased  dry  weight, 
leaf  expansion,  and  stem  elongation  while  benzyl. adenine  increased  loaf 
thickness,  stem  diameter,  and  water  content. 
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9t .  Burrows  and  Carr  (1969)  attributed  the  breakdown  of 
chlorophyll  in  leaves  of  sunflower  whose  roots  were  flooded  to  a  reduc¬ 
tion  in  eytokinin  export  from  the  roots.  Chlorophyll  breakdown  could  be 
delayed  by  applying  either  kinetin  (a  eytokinin)  or  sap  from  unflooded 
plants  to  leaves  from  flooded  plants.  Railton  and  Reid  (1973)  were  able 
to  eliminate  chlorosis,  epinasty,  and  adventitious  rooting  in  flooded 
tomato  by  spraying  the  leaves  with  the  eytokinin  N  -benzylndenine . 

95*  It  should  be  apparent  from  the  foregoing  discussion  that 
flooding  and/or  root  anoxia  disrupts  the  hormone  balance  of  plants.  The 
synergistic  expressions  of  these  hormones  on  plant  metabolism  and  form 
are  only  beginning  to  be  understood,  and  it  is  diffie  Lt  to  generalize 
at  this  time.  Thus  for,  however,  hormone  fluctuations  do  nut  seem  to 
be  good  .indication!!  of  flood  tolerance. 

96.  The  evolution  of  toxins.  The  possibility  that  toxic  by¬ 
products  of  anaerobic  respiration  may  accumulate  in  flood-sensitive 
plants  has  been  introduced  in  the  section  on  metabolic  respond  .  Other 
sources  uf  toxins  are  present  in  some  species  and  are  a  significant 
source  of  injury,  Kvidenco  suggests  that  the  evolution  of  toxins  such 
an  cyanide  und  phenolic  compounds  is  restricted  to  taxa  with  the  appro¬ 
priate  metabolic  intermediates  alreudy  present  in  the  roots.  The 
ubiquity  of  the  phenomena  ha;;  not  been  examined,  but  warrants  study. 

97*  Howe  and  Catlin  (l97l)  established  a  correlation  between  the 
amount  of  cyanogen i c  glycoside  hydrolized  in  flooded  routs  and  the  rela¬ 
tive  flood  tolerance  ■  ■  f  peach  (Primus  per;;  i  en,  'Lovell'),  apricot 
(Prunus  urmeniaca  'Royal.'),  und  plum  ( Prune:;  corasifera  'Myrobalan  3  <T’). 
They  hypothesized  l hub  the  eyanogenie  glyemii.de  and  its  hydrolytic 
enzyme  are  spatially  separated  by  selectively  permeable  mom br unes  under 
normal  aerobic  conditions.  Anaerobiosis  decreases  the  energy  available 
for  membrane  maintenance,  causing  the  glycoside  and  the  enzyme  to  some 
together  and  cyanide  to  be  released.  Free  cyanide  would  then  cause 
further  damage  in.  n  chain  reaction  and  the  trees  would  be  killed. 

y(i.  Pursuing  further  the  possibility  of  autotoxicity  under 
waterlogged,  conditions.  Out. tin  and  his  eo- worker:;  (1.977)  conducted  a 
series  of  experiments  on  walnut  (.luglans  hinds!  I,  .1.  regia,  and. 
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J.  hinds! 1  x  regia  'Paradox'),  and  wingnut  (Pterocarya  r.teroptera) .  The 
suicie  hypothesis  of  membrane  deterioration  in  root  cells  was  again 
raised;  however,  the  toxic  agents  in  these  species  were  thought  to  be 
phenolic:  compounds.  Released  from  the  vacuole,  the  phenolics  could 
denature  proteins  and  thereby  further  inhibit  metabolism.  Phenolics 
could  also  enter  tile  transpiration  stream  und  be  translocated  to  the 
aerial  portions  of  the  plant  where  further  damage  could  occur. 


part  ill:  secondary  factors  involved  in  flood  tolerance 

AND  PRACTICAL  APPLICATIONS 

Secondary  Factors 

99*  The  Tm -tor a  diuouusud  in  Part  II — changes  in  noil  chemistry 
and  the  direct  and  indirect  responses  of  plant:;  to  these  change:; — are 
common  to  all  flood  situations.  An  ouch,  they  represent  the  primary 
effect,:;  of  flooding,  unconfounded  wild:  other  variable:;  :;uch  an  species, 
age  of  plant,  water  depth,  turbidity,  temperature,  wave  action,  etc. 

These  secondary  factors,  however.  Influence  plant  performance  and  may  be 
of  overriding  importance  under  field  conditions.  For  example,  current 
velocity  or  wave  force  may  In:  sufficient  to  erode  soi  l,  from  the  coots 
and  topple  even  a  tree  that  would,  tolerate  extreme  flooding  in  the 
absence  of  water  erosion,  ’ll i ( *  combination  of  secondary  factors  will  he 
peculiar  to  ouch  field  situation  and  must  he  evaluated  on  a  casc-b.y-euse 
basis.  The  major  secondary  factors  are  considered  below. 

Species  and  eeutypie  var  i  at.  i  on 

.1,00.  Probably  the  most  .Influential,  factor  in  determining  survival 
of  a  plan!  when  flooded  is  i  Ls  phenol. ,yp  i  e  adaptation  to  Hooding.  Inter¬ 
specific  differences  in  flood  tolerances  are  widely  recognised  and 
reported  (llnll  el,  a!.  1.9*10,  Yeager  10*10,  Hr  ink  I0‘j*I,  McDermott  iy'<*l, 

lluM  and  Smith  1.9 Vj,  llosner  L'J'A),  1000,  1.900,  Wi.l  Liston  1.999,  lies  nor  and 
Hoy  re  I.90I1,  Hroudl’ool,  I90Y,  Hill.  I.9Y0,  I’lirsel.l  I9Y9,  licit  inger  .1 9Y I  , 
Itroudfooi,  and  Wi  l.l  isl.on  1 9Y  I,  Houcks  and  Keen  1 9Y  I,  liel  I  and  .Johnson 
I  9Y*I )  •  Hi. L.l  (  I9Y0)  lis.s  provided  an  ex.ee  I  .lent  eompi  l.at.ion  of  species 
tolerance  .1.  i.sl.s  from  a  number  of  studies.  WJii  l.e  different  geographic 
locations  and  study  conditions  have  rer.u  I  l.ed  in  data  that  are  not 
directly  comparable,  there  is  reasonable  agreement  among  different, 
authors  on  relative  species  tolerances.  Thus,  Muck  wi  llow  (Hal  I x 
nigra) ,  1miI.iI  cypress  (Taxodi  uni  d  i  si;  i  chum) ,  anil  water  tupe.lo  (N.y ssa 
aiptat  I  ca )  are  general,  ly  at  tin?  to  leranl.  end  of  the  continuum  while 
loblol  ly  pine  (Plains  taeihi.) ,  wb.i  !,<■  oak  ((jnereus  a.I b.i  ) .  and  tul  i  p  tree 
( 1 1  i  r  i  odeudfon  l.ii  I  i  p  i  Sera)  are  generally  intolerant.  The  task  of 
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selecting  species  suitable  for  reservoir  plantings  is  simplified 
somewhat  by  the  wealth  of  related  experimental  and  empirical  observa¬ 
tions  that  exists  in  the  literature  of  forestry  and  plant  ecology. 

101.  Within  a  species,  ecotypic  variation  may  account  for  a  wide 
range  of  flooding  tolerances.  Some  of  these  may  be  genuine  ecotypic 
differences  with  genetic  bases,  as  demonstrated  with  groundsel  (Senecio 
vulgaris )  ( Crawford  1966),  black  gum  (Myssa  sylvabica),  and  water 
tupelo  (Jb  aquatlca)  (Hook  find,  fltubbo  1967 ) .  In  other  instances,  a 
species  may  have  become  morphologically  acclimated,  to  flooding.  In 
these  cases  any  individual  of  the  species  may  have  the  potential  for 
being  flood  tolerant.  As  pointed  out  by  Hook  and  Stubbs  (1967),  such 
1  pies t.ions  are  academic  when  it  comes  to  selecting  plant  materials  for  u 
particular  si  te.  They  recommend  I, bal,  all  proprt(?i I  eb  be  selected  from 
the  area  where  they  will  he  used. 

.’LOU.  Ago  of  tr< •  Tree  age  is  a  factor  in  determining  survival 
during  flooding  because  older,  taller  trees  generally  have  their  leaves 
above  water  and  may  lie  subjected  to  relatively  less  severe  conditions 
than  seedlings.  Conversely ,  us  Hill  (1970)  points  out,  large  size  also 
c/m  be  u  liability  because  of  increased  oxygen  demand  coupled  with  in¬ 
creased.  resistance  to  oxygen  diffusion  through  the  stem,  l’urs  oil.  (.VJY'j) 
provides  mortality  observations  consistent  with  this  hypothesis .  De¬ 
spite  this  obstacle,  older  trees  are  generally  more  flood  tolerant  than 
seedlings  and  saplings  of  the  same  species  (liroudfoot  and  WU listen 
19'fi).  A  striking  example  Ls  provided  by  Demur 01: ' s  (.L'HP)  study  of 
Iml.d  cypress  ( Taxed  i  11m  d. i.stiehum) ,  in  which  seed'll rigs  <  1 1.iul  after  V.  weeks 
of  complete  submergence.  Mature  trees,  in  contrast,  are  commonly  able 
to  survive  flooding  above  the  roof  crown  for  much  of  the  year, 

.1.0.1 .  Hegarding  young  plantations,  the  findings  of  Kennedy  arid 
Kr.i.nard  (  l.9Y^)  indicate  that  a  year's  growth  prior  ho  any  flooding  in¬ 
creases  the  chances  of  survival.  This  is  in  conflict  with  the  findings 
of  Harris  eh  at.  (.1.971?)  that,  trees  established  for  1.  year  were  no  more 
tolerant  than  trees  planted  P  months  prior  to  flooding. 

I  ()l( .  Differential  survival,  lias  been  observed,  between  cuttings 
and  seedlings,  with  1-0  out pi. cited  seedlings  faring  hotter  than  current 


year  cuttings  (Maisenhelder  and  McKnight  I960,  Broadfoot  and  Wi.lliston 
.1.973,  and.  Kennedy  and  Krinurd  197*0* 

109.  Regeneration  under  natural  conditions  also  is  affected  by 
flooding.  Du  Barry  (1959)  found  that  among  the  nine  bottomland  species 
tested,  germination  of  hard-coated  seeds  was  enhanced  by  submersion. 

Thus,  prolonged  flooding  might  be  expected  to  cause  changes  in  species 
composition  through  differential  germination.  Hull  and  Smith  (.1955)  and 
Pursell  (1975)  found  that  even  if  seeds  germinated  after  floodwaters 
receded,  reflooding  the  following  season  virtually  eliminated  all  repro¬ 
duction.  Broadfoot  und  Williston  (.1973)  state,  however,  that  seedlings 
of  species  that  typically  leaf  out  late  in  the  season  (e.g.,  green  ash 
(Kraxinus  pennyslvanica) ,  water  hickory  (Carya  aquatlca),  and  overcup 
oak  (Quercus  lyra.ta))  will  survive  spring  floods  lasting  into  July. 

106.  Noble  and  Murphy  (1975)  found  that  understory  vegetation 
recovered  very  rapidly  after  a  prolonged  flood  in  Louisiana.  However, 
seedlings  of  American  elm  (Ulmus  americana)  apparently  were  eliminated 
and  species  of  oak  ( Quercus  spp.)  suffered  significant  decreases  in 
cover,  according  to  the  7 3-day  postflood  inventory. 

107.  A  secondary  factor  affecting  reproduction  is  predation  by 
wntorfowl  attracted,  to  newly  flooded  forests.  Minckler  and  Jones  (1965) 
and  Minckler  and  McDermott  (i960)  found  that  though  pin  oak  acorn  pro¬ 
duction  was  higher  on  flooded  sites,  the  seedling  population  was  much 
smaller  than  on  nonf. loaded  sites.  They  attributed  this  to  increased 
waterfowl  consumption.  As  would  be  the  ease  with  differential  species 
survival,  preferential  predation  would  be  expected  to  have  u  long-term 
effect  on  species  composition  in  a  flooded  forest. 

Cun  1  tlt.i.on  of  floodwater 

I.Ofi.  Aeration  of  floodwater  is  another  important  factor  in  deter¬ 
mining  performance  under  flooding.  Hook  eh  ai  .  (.1,971b)  mid  Harms  (1973) 
have  shown  experimentally  that  growth  is  inhibited  more  under  stagnant 
conditions  than  with  circulating  water  and  thut  stagnant  water  has  both 
lower  oxygen  concentrations  and  higher  carbon  dioxide  concentrations  than 
moving  water.  Broadfoot  (1.967)  observed  that  0,,  in  a  shallow  impound¬ 
ment  was  depleted  during  dry  periods  but  was  replenished  by  rain.  He 


attributes  good  growth  to  this  reoxygenation  and  suggests  that  different 
results  might  have  been  obtained  in  the  absence  of  rain.  Similarly, 
Conner  and  Day  (1976)  found  that  flowing  water  resulted  in  higher 
productivity  in  swamp  forests  in  Louisiana.  Kennedy  and  Krinard  (197I*) 
report  that  water  trapped  around  trees  after  floodwaters  have  receded 
was  not  only  low  in  oxygen  but  was  also  warm.  Demaree  (1932),  Brink 
(l95^i)  j  and  Broadfoot  and  Will iston  (1973)  have  reported  similar  find¬ 
ings.  Demaree  found  that  warm  water  hastened  death  in  seedlings  of  bald 
cypress  ( Taxodium  dlstichum) ,  which  is  typically  f  cod  tolerant. 

Soil  factors 

109.  The  biological  and  chemical  changes  occurring  in  flooded 
soils  have  been  discussed  at  length  in  Part  II.  It  is  apparent  that 
soil  texture,  organic  matter  content,  bulk  density,  and  other  variables 
will  influence  survival  of  plants  under  flooded  conditions.  With  the 
large  variety  of  soils  found  in  reservoirs  and  other  water  management 
projects  arouri  the  country,  the  magnitude  and  direction  of  soil  effects 
would  have  to  be  evaluated  for  each  site  individually . 

1.10.  Armstrong  and  Boatman  (1967)  have  conducted  research 
correlating  soil  factors  with  the  occurrence  of  certain  British  bog 
plants.  Of  more  immediate  relevance,  however,  is  the  work  of  Harms 
(1973).  Using  two  different  swamp  soils,  he  was  able  to  document  that 
soil  type  had  a  s'  i.i.f leant  effect  on  total  height,  height  growth, 
growth  rate,  and  dry  weight  of  flooded  water  tupelo.  lie  speculates  that 
the  effect  is  largely  nutritional. 

111.  The  role  of  mycorrhizae  (symbiotic  associations  between 
fungi  and  plant  roots)  in  nutrient  uptake  has  gained  recent  popularity 
in  forestry  and  agricultural  research.  While  it  is  reasonable  to  expect 
that  flooding  would  uence  the  formation  of  mycorrhizae  and  thus 
affect  tree  growth,  there  is  an  apparent  shortage  of  published  research 
on  this  subject.  Filer  (1975)  reports  that  flooding  reduced  existing 
endomyoorrhizae  and.  prevented  the  formation  of  new  ones  on  sweetgum 
(Liquldamhar  ctjrraciflua)  and  green  ash  ( Fraxinus  penn.sylva.nica)  ■ 
Ectomycorrhizae  wore  similarly  affected  on  Nut tail's  oak  (Quercus 
mittallil),  willow  oak  ( Quercus  pheJ l os ) ,  and  overcup  oak  ( Quercus 
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lyrata) .  In  both  eo.tomycorrh.iv.ae  anti  endomycorrhi.7,ae ,  however,  full 
recovery  was  observer!  by  the  end  of  the  growing  season.  The  long-term 
influence  of  changes  in  mycorrhi zal  populations  resulting  from  flooding 
remains  to  be  examined. 

Mechanical  factors 

112.  Closely  related  to  soil  type  and  water  movement  are  mechan¬ 
ical  factors  such  as  wave  action,  erosion  of  soil  from  around  the  roots, 
and  silt  deposition.  Steep  banks  are  known  to  erode  to  more  gradual 
grades  and  shoreline  trees  can  he  toppled  in  the  process.  Loess  soils 
are  particularly  susceptible  to  this  phenomena  (Peterson  19157).  Gill 
(197*0  suggests  that  age  structure  of  a  willow  population  surrounding  a 
British  lake  is  inversely  related  to  wave  power.  Wave  action  in  conjunc¬ 
tion  with  abrasion  by  floating  debris  can  wear  off  bark  on  woody  vegetu- 
tion  on  the  downwind  shores  of  water  bodies . *  Seedlings  and  saplings 
would  he  especially  susceptible  to  mechanical  damage. 

113.  Giltution  and  tree  performance  have  been  examined  by  several 
workers  (Kennedy  .1970,  Brondfoot  and  Willis bon  1973,  Kennedy  and  Krinard 
197*1,  Noble  and  Murphy  1975)-  Cottonwood  (  PotjuIus  deltoidcs )  appears  to 
be  especially  tolerant  of  silt at ion  around  the  trunk,  since  it  was  unin¬ 
jured  by  silt  deposits  up  to  *>  ft**  deep  (Kennedy  and  Krinard  197*0- 

11*1.  liroudfoot  and  Wi. Hi. stun  (1973)  state  that  cottonwood 
(i'opuLus  flelt olden ) ,  bald  cypress  (Tnxod.i.um  dl  stichum) ,  tujielo  (Myssn 
spp.),  and  black  willow  (lialix  nigra)  can  withstand  moderate  s:i  Ltution. 
Along  the  Pacific  coast  iicquola  semperv Irens ,  the  coast  redwood,  is 
frequently  subjected  to  siltation  and  responds  by  developing  another 
story  of  roots,  corresponding  to  the  new  soil  surface  (fltone  and  Vasey 
1960) . 

119.  Texture  of  the  silt  deposits  can  he  important  in  determining 
injury.  Olay  deposits  crack  as  they  dry,  providing  access  for  air  to 
the  soil.  Bund  and  silt,  conversely,  form  a  noncracking  layer  over  the 


*  Personal  eommuuicalsi.on,  March  1977,  H.  W.  Harris,  Dept.,  of  J'luviron- 
menta.i.  Horticulture.,  Uuiv.  of  California,  Davis. 

**  A  table  of  factors  for  converting.  IJ.  11.  customary 
incut  to  metric  (til)  can  be  found,  on  page  9. 
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soil  that  may  effectively  impede  On  oxchungu  (Broad foot  and  Williston 
19Y3). 

Hydrologic  I'actc  : 

timing  ,  duration  and  depth 

116.  Timing.  The  seasonal  timing  of  u  flood  is  of  grout  impor¬ 
tance  to  the  survival  of  woody  vegetation.  Dormant  season  flooding 
usually  has  no  effect  on  woody  plants  (linker  .'Lyl»0,  Hull,  and  limith  3.9'j‘j, 
MeAlpine  I.Q61 ,  Williston  1961’,  Broadfoot  1967,  Burton  1976,  Brood  foot 
and  Win  l.iston  1973)  and  may  even  have  a  beneficial  effect  by  increasing 
water  available  in  the  soil  through  the  summer  (Broadfoot  1967,  Burton 
1.97,1).  Even  un  intolerant  species  like  the  tuLip  tret?  (hlrlodendrun 
l  ulipi  fern.)  can  withstand  flooding  when  it  is  dormant  (MeAlpine  1961). 
Conversely,  seedlings  flooded,  after  loaf  (.‘.Lush  are  very  susceptible  to 
damage  (MeAlpine  1961,  Broadfoot  und  Willis  tun  1.97  i)- 

1.17 •  The  time  uL  wiiiclt  n  flood  occurs  during  the  growing  season, 
along  with  the  duration  or  period  of  time  (or  times)  that  an  area  l.s 
flooded,  can  have  u  s  ignl'ieanl.  impact  on  the  survival  of  developing 
vegetation.  Huffman  (1976)  found  that  flooding  was  selective  on  the 
development  of  certain  bottomland  hardwood  forest  populations..  Kor 
example,  young  ironwood  ( Car  pin  us.  carol  i  ni.anu)  grew  well  where  flooding 
was  frequent  and  persisted  for  b  days  or  more  at  any  one  time.  (It in¬ 
versely,  water  oak  (ynoreus  nigra)  seedlings  and  saplings  had  little 
tolerance  for  tills  condition.  Uwoetgum  ( Biquidambar  sly  rae.i  I’l  ua) 
developed  best  if  several  floods  of  '>  days  or  longer  oeeuered  during  the 
second  10-day  period  of  its  growing  season.  Oherrybark  oak  (Q.  I'aLcul.a 
var.  pug<  idaol’o.l.  ia)  and.  b.luekgum  (Myssa  sylval.ien)  did  poorly  mi  soils 
that  were  flooded  for  days  or  more  after  the  first  fii)  (lays  of  I, hr 
growing  season.. 

.I..I.M.  Duration.  K.loud  duration  during  the  /'rowing  season,  along 
with  depth,  can  alTeel,  survival  of  trees.  Within  any  given  species, 
greater  injury  and  .Lower  Survival  with  i  Hi  ■  reus  i  ng  periods  of  flooding 
are.  reported  for  both  field  condition:'.  (Hull,  el,  al.  I')I|C>,  Yeager  l*)l|<), 
lla.II  and  I'.mitli  1.9V),  Williston  l.9‘;9)  and  lab  eniui.it ions  (llosner  19')H, 
1.91)9 ,  l.y6(),  llosner  and  Boyce  ld61').  I  Ipoeies  per form.auceS 
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under  various 


conditions  m-c  summarized  by  region  in  Appendices  A-G,  Some  generaliza¬ 
tions  are  jxjusiblc,  however.  Regarding  reservoir  shorelines ,  coloniza¬ 
tion  ol'  shorelines;  by  woody  plants  appears  to  be  unlikely  if  flood 
duration  exceeds  *10  percent  ol‘  the  growing  season.  Many  natural  swamp 
systems  arc  flooded  for  *t0  percent  of  the  total,  year,  however  (Bedinger 
1971)  i  and  exunpl.es  of  plants;  surviving  inundation  for  several  years  are 
provided  by  Yeager  (l9*i9)  uud  Harris  et  ul.  (j.975).  Although  these  arc 
isolated  canes,  the  evidence  strongly  suggests  that  some  woody  species 
could  thrive  if  planted  in  drawdown  zones;  these  include  buttonbus-.h 
(Oephalanthusi  orc;i dentql.l.s; ) ,  selected  species  of  willow  ( Sa.l.i. re) ,  oak 
(Quorum; ) ,  Kucalyptusi,  ash  ( kraxinus ) ,  tupelo  (Nysr.a),  and  cypress 
(Taxed;  mil) . 

119 •  Depth ■  The  depth  of  flooding  during  the  growing  season  can 
influence  this  degree  of  injury  to,  or  survival,  of,  woody  plants.  Kffec~ 
live  depth  on  si  trunk  is  a  function  of  tree  size  as  well  as  water  depth . 
The  lower  solubility  of  gases  in  water ,  high  turbidity,  ami  decreased 
light  intensity  are  likely  to  have  a  detrimental,  effect  on  terrestrial 
vegetation  in  general  if  it  .in  inundated  completely,  liroadfoot  and 
Willis  ton  (l97i)  report  that  shoot  death  is  common  in  seedlings  of  most 
species  if  flooding  occurs;  after  leaf  flush.  Under  greenhouse  condi¬ 
tions,  llosner  (l.yfiO)  demonstrated  tliut  seedlings  ol'  sycamore  (i’latanus 
oec  i  dental i. ;t ) ,  red  maple  (Acer  ruhrum)  ,  iihumard  oak  (Queroufi  shumard i  i  ), 
sweet.gum  (llLqui ihunbar  styraei  f.'lua) ,  ha<  k Derry  (Pelli  ii  oeci'dontal  :i  n) ,  and 
'Spanish  oak  ( (jjaereus  falcata  vat  .  pngodaefol  i.a)  al  l  dle«l  after  S’O  days 
of  complete  uubmers  ton.  becd lings  ol'  these  same  speei.es  showed  ei  ther 
complete  or  significantly  higher  survival  when  subjected  to  flooding 
Just  to  the  roof,  col  lar  (llosner  and  lloyee  I9(i!’).  Hal  l  and  Slmi  th  (  l 'J'j'j) 
found  that  survival  of  buLLoulmsh  ((IcphnJ.nnthus  occidental. :i.s )  and  black 
willow  (iin.lix.  nigra)  under  flood  conditions  wus  dependent  on  who  idler 
or  not  tint  plants  were  emergent  or  completely  covered. 

I  S’O.  benf  s.li:ic.i.ss:i.un  is  ;i  commonly  observed.  uunlelJiu.l.  .injury 
often  associated  w  1  :  u  flooding  of  1;J*« >  crown  during  the  growing  season 
(Kennedy  and  Krinnrrl  .1.97*1,  Harris  id;  al  .  1979)-  Under  stable  pool 
di  Lions,  trunk  weakening  of  young  trees  below  Idle  water  Line  and 
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increased  trunk  diameter  above  the  waterline  have  ai.no  been  observed  in 
flooding  experiments  in  California  (Harris  et  al.  1975) .  This  is 
followed  by  a  bending  of  the  trunk  at  the  water  level,  after  the  water  in 
drained.  Fluctuating  water  levels  probably  avoid  this  problem,  as 
plants  tested  in  field  trials  subject  to  seasonal  water  fluctuation  at 
Folsom  Lake,  California,  showed  neither  increased  stem  diameter  nor  bend¬ 
ing  at  the  waterline. 


Aquatic  Vegetation 

121.  The  establishment  and/or  control  of  floating  ana  emergent 
aquatic  vegetation  warrants  mention  even  though  it  is  not  the  primary 
objective  of  this  work.  (The  interested  reader  is  directed  to  lioyd  1971, 
bant/,  197*+,  and  Wont/,  et  al.  197*+,  f  or  detailed  treatments  of  aquatic 
macrophytes.)  Infestation  of  new  reservoirs  by  aquatic  vegetation  is 
usually  ensured  by  the  fact  that  endemic  species  are  capable  of  rapid 
dispersal  into  and  colonization  of  new  impoundments  (  lioyd  1971.)  •  Once 
established,  these  plants  may  become  weeds  that  interfere  with  boat 
traffic  and  shoreline  access  and  can  spread  downstream  through  reservoir 
releases . 

122.  The  mujor  factors  affecting  the  establishment  of  aquatic 
vegetation  art:  water  depth,  current  fluctuation,  wave  action,  tempera¬ 
ture.1,  transparency,  substrate,  and  water  chemistry  (Ho, yd  .1971,  Irfuitz 
197*0-  IV mb/,  concludes  that  impoundments  w.i  th  suitable  characteristics 
w:i.'I.J.  support  aquatic  plant::  despite  chemical  and  water  management 
techniques  designed  to  control  vegetation.  Management  of  water  level 
fluctuation  to  encourage  desirable  plants  is  the  must  effective  approach 
to  controlling  aquatic  plants.  Conversely,  establishment  of  aquatic 
vegetation  is  encouraged  by  water  management  schedules  that  correspond 
to  the  natural  .'Life  cycles  of  the  plants  (2t.anJ.cy  and  Hoffman  197*0-  In 
conjunction  with  managing  water  fluctuation,  the  introduction  of  plants 
that  are  both  competitive  with  weed  species:  and  innocuous  to  human 
activities  can  be  a  useful,  approach  to  aquatic  vegetation  control. 

(  I, u,nl;/.  197*1 )  • 


Impact  As  ties  ament 


123.  In  predicting  the  impact  of  flooding  on  vegetation,  it  is 
diffi  ult  to  rank  factors  according  to  the  degree  of  influence  they  will 
exert  on  survival.  Over  periods  of  one  growing  season  or  less,  species 
arid  plant  size  are  probably  the  most  important  factors.  A  mature  green 
ash  ( Fraxinus  pennsylvanica ) ,  for  example,  will  probably  be  able  to 
recover  from  any  flood-induced  stresses  whereas  a  seedling  of  the  sumo 
species  or  a  mature  specimen  of  an  intolerant  species  may  succumb. 

Yeager  (1949)  has  illustrated  particularly  well,  however,  that  extremes 
of  depth  and  duration  neutralize  the  advantages  of  phenotype  and  ago. 

Kor  example,  only  4.2  percent  of  66l  trees  ( 24  species)  sampled  above 
gross  pool  level,  died  within  4  yearn  of  filling  the  reservoir,  in  con¬ 
trast,  49*7  percent  of  l4f)  trees  (some  24  species)  in  the  mud  zone  and 
93.5  percent  of  the  9&9  trees  (name  24  species)  in  the  water  zone  died 
in  the  same  period.  Even  species  able  to  tolerate  flooding  to  a  consid¬ 
erable  depth  for  a  short  period  died  when  subjected  to  saturated  soil 
for  4  years.  Water  depth,  boo,  seems  to  matter  little  if  flooding  in 
prolonged.  When  tree  mortality  was  examined  according  to  five  consecu¬ 
tive  10-in .  depth  increments,  Yeager  found  that  in  the  1-  to  l.()~:i.n. 
category,  90.2  percent  of  20|>  trees  (lb  species)  wore  killed  by  4  years 
of  continuous  flooding.  In  the  31-  to  4o-in.  category,  99.1  percent  of 
4l  trees  (some  lf>  species)  were  dead .  Only  especially  tolerant,  species 
like  swamp  privet  ( li'ores  bier  a  acuminata?  and  black  willow  (Ualix  nigra) 
were;  able  to  withstand  the  combined  effects  of  prolonged,  deep  flooding. 
Yeager  also  demonstrated  that  for  a  w:idc>  range  of  species,  4  years  of- 
flooding  at  different  depths  was  universally  lethal  in  all  diameter 
ulna  > 

124.  There  are  few  models  avai  lable  for  direct  use  i.11  assessing 
the  impact:!  of  floods  on  woody  vegetation.  It  is  possible,  however,  Lu 
use  empirical,  studies  that  document  changes,  in  permanently  flooded 
forest  communities  to  provide  estimates  of  mortality  and  growth  over 
time.  !  Studies  by  Breen  (  I  ,ljh’() ,  Yeager  (1949),  Hal  I  and  ilmith  (1949), 
and  Broad  foot  (  I9'.d) )  were  used  to  help  predict  tree  mortality  resulting; 
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from  flood  surcharge  in  the  Schell-Osage  Wildlife  Area  (t).  S.  Army 
Engineer  District,  Kansas  City  1973).  It  is  difficult  to  place  confi¬ 
dence  limits  around  such  predictions  hecnusc  the  assumptions  made  in 
adapting  data  gathered  on  one  location  to  another  may  not  he  valid.  It 
should  be  stressed,  however,  that  the  approach  is  reasonable  and  may 
provide  quite  useful  Information. 

\2'j.  Once  out  of  the  geographic  range  of  species  whose  flooding 
performance  has  been  observed  under  field  conditions,  it  becomes  more 
difficult  to  predict  the  impacts  of  flooding.  Thun,  perhaps  only  three 
of  the  Corps’  Divisions — the  Lower  Mississippi  Valley,  the  Ohio  Hiver, 
and  the  Couth  Atlantic — have  sufficient  empirical  data  to  permit  a 
I'ormuJiacd,  quantitative  prediction  of  the  impacts  on  vegetation.  Even 
in  these  Divisions,  precise  predictions  are  confined  to  mature  trees 
while  predie  lions  of  seed.!  '  up,  and  understory  survival  must  remain  on  a 
coarse  scale.  The  importance  of  further  empirical  studies  to  tin;  art  of 
impact,  prediction  earmot  be  overemphasized ,  especially  in  those  Divi¬ 
sions  lucking  detailed  field  studies, 

Lev oral  examples  of  approaches  to  impact,  assessment,  aee 
available.  Probably  the  most  adequate  to  date  Is  that  prepared  by  Well 
and  Johnson  (1975)  in  conjunction  with  the  lipringcr-liuiigumon  Environmen¬ 
tal  Kesoureh  Program.  II,  is  Judged  most  adequate,  not  because  the  con¬ 
ceptual  mode)  .ip  superior  to  similar  models,  but  because  it  incorporates 
extensive  empirical  data  on  species  tolerance  anti  occurrence  in  the 
immediate  locale.  These  data  far  I  I i tn l.cd  the  formulat  ion  of  reasonable 
assumptions  for  species  performance  which,  when  coupled  with  stage- 
frequency  data  for  the  proposed  project,  were.'  used  to  predict  mortality, 
(it  is  not  known  if  the  project  was  approved  and,  if  so,  how  closely 
predicted  loss  corresponded  to  reality.,)  hacking  local,  data  on  species, 
Liu;  next  best  approach  would  be  to  use  data  co.Ucc ted  elsewhere  to 
formulate  He  model  assumptions.  Ilueh  an  upprouch  has  been  used  by  the 
Missouri  hived’  Division  of  the  Corps  as  described  above.  A  good  in¬ 
to/'  ration  of  both  on  site  surveys  and  extrapolation  of  secondary  data 
is  provided  b,y  Idle  Wilmington  District  (1975)  to  document  the  effects 
of  Idle  li.  Ever,  Id.  Jordan  Dam.  lieeuuso  this  is  an  nf  ter- the-  lac  I.  study. 
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this  approach  cannot  be  directly  applied  to  unconstructed  projects. 

127.  Bum  mid  Bay  (19T1))  describe  a  method  i'ur  monitoring  environ¬ 
mental  impact  downstream  from  Deer  Creek  Reservoir  southwest,  of  Toronto 
in  Ontario,  Canada.  The  method  employs  a  fairly  sophisticated  technique 
to  identify  and  map  vegetation  cover  types  using  permanent  quadrats. 

The  goal  of  the  authors  is  to  document  long-term  changes  in  the  flood - 
plain  vegetation  presumably  resulting  from  flood  control.  Such  ap¬ 
proaches  are  useful  for  calibrating  predictive  models,  but  are  not  in 
themselves  predictive. 


Kstqbl i shment  and  Maintenance  of  Vegetation 
Along  Reservoir  Shorelines 


Jntruduc tiun 

.1,28 .  Doth  the  design  of  a  clearing  schedule  to  preserve  existing 
vegetal, ion  along  shorelines  of  a  new  reservoir  and  the  revegetation  of 
shorelines  of  old  reservoirs  require  a  debut  led  knowledge  of  the  sub¬ 
strate,  slope  and  exposure  of  the  shore,  water  management  regime,  and 
plant,  species  available  for  use.  Tl,  should  be  recognized  that  complete 
survival  wi  ll  not  be  achieved  sinee  few  species  are  adapted  |,o  the 
druslic  stress  imposed  by  ride  seasonal  or  dully  water  fluctuations.  In 
light  of  this  uncertainty  and  I. he  cost  of  revegel.t'tirig  a  reservoir,  it 
muy  be  desirubiu  to  focus  efforts  is  ureus  where  there  is  the  grin  test 
chance  of  success  or  in  areas  accorded  high  priority  for  fish  and  wild¬ 
life:  habitat  or  public  access.  Despite  this  word  of  rnubinn,  the 
establishment  of  vegetation  for  ue:  thel.ics,  habitat  improvement,  timber 
production,  and  shoreline  stabilization  is  feasible.  I'lven  with  tile 
uneven  regional  covrege  summarized  in  the  preceding  section,  there 
appear  to  be  plants  in  most  areas  of  the  country  suited  to  virtually 
any  purpose  required  by  a  reserve i r  project. 

Approaches  to  selective  cutting 
prior  to  new  reservoir  construe  Lion 

129.  The  practice  of  minimizing  the  amount  of  vegetation  removed 
prior  to  constructing  new  reserve i rs  has  long  bean  attractive. 
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Unfortunately ,  early  experiences  with  tree  mortality  have  led  to  the 
routine  removal  of  all  woody  vegetation  below  gross  pool  and  often  to  u 
surcharge  elevation.  (Such  practices  have;  been  standard  on  Federally 
licensed  power  projects,  for  example.)  As  documented  by  Hall  et.  ul. 
(13^6)  and  Silker  (19^8),  especially,  it  is  readily  apparent  that,  many 
tree  species  arc  tolerant  enough  to  remain  in  the  upper’  reaches  of 
littoral  and  surcharge  zones.  Certainly  in  the  Mississippi  Valley  and 
southeastern  U.  0.  there  are  a  number  of. species  that  can  be  left  in  the 
upper  reservoir  elevations .  Whether  there  would  be  sufficient  cover  to 
meet  management  goals  would  depend  on  the  flor.istic  composition  of  the 
specific  site.  At  elevations  far  below  gross  pool,  the  chance  that  any 
species  will  survive  more  than  one  growing  season  is  greatly  diminished. 
Probably  the  optimnl  plan  would  set  u  contour  below  which  all  trees 
won  Id  lie  removed.  An  inventory  of  tree  species  and  a  vegetation  map  of 
the  urea  below  gross  pool,  in  conjunction  with  the  proposed  management 
regime  for  the  reservoir,  would  be  aids  in  establishing  this  contour . 

I. 10.  Once  a  reservoir  is  in  operation,  periodic  pruning  and 
sanitation  cuts  may  be  necessary  in  public  use  areas.  Klsowhere,  leav¬ 
ing  Idle  inevitable  snags  etui  be  an  asset  to  waterfowl..  It  is  only 
realistic  to  anticipate  inadequate  regeneration  of  trees  and  tile 
eventual  decline  of  woody  vegetation  subjected  to  standing  water.  Thus, 
artificial  rovigetation  may  become  necessary  even  in  reservoirs  where 
selective  cutting  preceded  construction. 

J.  U.  Dellei.l  (.19Y1)  conducted  a  study  of  stump  sprouting  of  swamp 
tupej.o  (Nyssn  r.y  I  vat  i  ea  var.  bi  flora).  lie  found  Mint  high  stumps 

(l’b  in.  or  more)  sprouted  vigorously  While  low  stumps  did  not.  Thin 
suggests  tile  possibility  of  leaving  high  stumps  of  this  species  in  deep 
water  areas  in  hopes  of  establishing  fish  habitat. 

(ion  is  and  met, hods  of 
arL  i  Tie  i.nl  re»egetatiun 

.1.1! I .  There  is  no  conceptual  difference  between  the  methods  of 
planting  in  drawdown  zones  and  practices  employed  by  horticulturists, 
forester.",,  wildlife  managers,  and  farmers.  Indeed,  the  methods  of 
propagation  and  osl.ub  I  i  aliment  are  common  to  all,  of  these.  However, 
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instead  of  being  faced  with  a  simple  goal  (pulp  production,  for  example) 
and  a  small  variety  of  pedigreed  seed  or  planting  stock  available 
commercially,  the  reservoir  manager  is  faced  with  ail  array  of  non- 
domcsticatcd  plants  to  fit  a  variety  of  needs.  Many  of  these  plants  are 
now  available  from  a  nursery  and  will  require  field  collection  and 
propagation  if  they  are  to  be  used.  However,  a  large  number  of  species 
(especially  tree  species)  are  available  commercially  as  seed,  bare  root, 
and  container  stock. 

1.33.  The  purjinse  of  this,  section  is  not.  to  detail  specific  plants 
for  specific  management  goals;  this  is  best  decided  by  individual 
reservoir  managers.  Neither  is  it  to  describe  general  propagation  and 
planting  techniques .  Rather,  the  purpose  is  to  provide  examples  of 
revegetation  techniques  that  have  been  applied  to  reservoirs. 

13*1.  The  organ!. mhionul  format  of  the  next  few  paragraphs  treats, 
species  and  technique  as.  subsidiaries  of  management  goals.  The  goal, 
most  frequently  encountered  is  the  improvement  of  habitat  for  wildlife 
anil  fish. 

I  ’i1.).  Wild  l..i  l.'e  habitat  .improvement.  The  preservation  and  improve¬ 
ment.  of  wildlife  habitat  are  common  goals  of  reservoir  revegetation 
efforts.  Waterfowl  are  usually  the  explicit  target  for  improvement  work, 
though  overall  wildlife  diversity  and  density  are  enhanced  by  shoreline 
vegetal.! on  a:;  well. 

lib.  .Jnhnsgnrd  (i'll)  analyzed  the  effects  of  art  i  I’icia!  l.y  in— 
(hired  water  fine Inal. I  ons  on  avian  population..:  in  nalura.1  potholes  in 
Washington  state,  lie  found  that  bird  species,  tended  to  occupy  specific 
stages  In  vegetal. lonul  succession.  When  the  stage  was  altered,  bird 
species  were  displaced.  This  is  perhaps  self-evident ,  but  the  fact  that 
I, he  manipulation  of  water  !  eve.Ls  determines  the  nature  of  littoral 
vegetation,  which  in  burn  determines  waterfowl  populations,  underscores 
I, lie  need  |,o  have  a  clear  wildlife  management  plan  in  mind,  before  estab¬ 
lishing  shoreline  vegetation.  When  waterfowl  management  has  been  a 
primary  aim,  the  common  technique  lias  involved  planting  forage  crops 
during  the  spring  and  summer  drawdown  periods  and  allowing,  the  plantings 
to  be  flooded  during  fal  l  migration.  Millet  (I'ichinoch Inn  crusgall  i  var. 
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frumenturea)  is  often  prescribed  for  this  purpose  (Wilson  and  I, under;’. 
19Y3)  since  it  is  planted  from  need,  which  makes  it  well,  suited  for 
vegetating  I arge  areas .  Tu  the  fall,  the  need  heads  provide  food  for 
waterfowl.  A  major  drawback  is  that  the  crop  might  need  to  be  reestab¬ 
lished  each  your,  although  it  may  self-need. 

13Y-  Other  herbaceous  species  used  by  Wilson  and  banders  to 
improve  waterfowl  habitat  were  big  blues tern  ( Andropogon  gerardi  I ) . 
yellow  nut  grass  (dyperus  esculentus),  switcligruss  (I'ani  nun  vi  rgatnm) , 
reed  canary  grass  ( I’lu.iar  Is  arund  i.nacea) ,  pinkweed  (Polygonum 
pen  sylvie  lie  um) ,  und  wild  rice  (Zizania  aquatlca) .  All  of  these  were 
apparently  sown  by  hand  in  the  moist  shoreline  mud  as  the  water  receded. 

1  Vy  planting  in  four  stages  through  the  month  of  dime,  instead  of  a 
single  pleating,  favorable  seedbed  conditions  wer<  ensured  throughout; 
the  entire  planting  urea. 

J3i).  A  more  intensive  level  of  management  is  described  by  liars  Low 
(.1 I  !hal~low  (.lli-in.  )  subimpoundmetits  w<’.re  created  around  two 
Tennessee  reservoirs  and  wen;  planted  with  n  variety  of  eonuiierc  iul  crops 
(Table  d)  using  convent  i  onn'l  agr  1  ru  I  turai  methods.  These  sub  .impoundments 

Table 

i'.pccics  Planted  i  n  Tennessee  iiu'h  impi  mndment  s 
(j’rom  liars  tow  lilt')1;) 

.  drain  Crops  _ browse  drops 

Corn  Wheat 

buckwheat  Annual  rye  grass 

Mi  l.o  bad  i  no  e  I  over 

Merman  mi, I  I. id, 

Japanese  mi  lie I; 

.Ih'owntop  mi  l.let 

Note:  lie  i.enti  I'i  e  names  were  not  prov  ided,  in 

Idle  original  source. 

t;or-  kopt  dry  due  i  >ig  the  spring  and  summer  and  were  flooded  by  the 
second,  week  of  November  to  coincide  with  water  foe  I  migrations.  This 
approach  could,  be  adapted  to  reservoirs  with  a  shallow  shoreline  gradi¬ 
ent  where  l.he  water  management  schedule  is  synchronized  with  I'a  I  I 

Id 


waterfowl  migrations.  Because  the  plants  used  are  all  annuals, 
reseeding  would  also  ho  necessary. 

139.  Fish  habitat  Improvement.  The  Improvement,  of  fish  habitat 
is  not  necessarily  inconsistent  with  waterfowl  habitat  improvement,  but 
is  different  in  several,  respects.  First,  instead  of  concentrating  on 
forage,  it  is  largely  directed  at  providing  .suitable  cover  for  young 
fish.  Uubmerged  shoreline  vegetation  has  been  shown  to  significantly 
increase  growth  and  survival  in  bass  fry  during  the  first  1  months  of 
life,  presumably  by  harboring  food  organisms  and.  providing  cover  from 
predator*’.  ( Aggus  and  Klliott  1975).  Because  this  requires  that  plants 
be  flooded  during  the  spring  and  summer,  annual  terrestrial  plants 
generally  are  not  sulbublo  unless  one  is  willing  to  plant  annually. 
Fitter  true  aquatic  mucrophyteu  or  flo .d- tolerant  terrestrial  perennials 
are  required .  [Joeond,  plants  selected  for  fish  cover  often  will  not 
produce  seed  of  value  to  waterfowl.  Thus,  if  both  fish  and  wildlife 
habitat,  improvement  is  desired,  different  species  will  have  to  serve  in 
romp  I  ernes!. ur  y  role:;.  Finally,  where!!.:!  wn.lerfi  >w  1  I’m  id  enu  he  provided,  by 
annual  pi  until  that  do  not  need  to  be  flood  tolerant,  plants  providing 
cover  for  f isti  must  be  uble  to  withstand  both  flooding  and  drought  and 
Ideally  would  be  self  perpetual, i  ng. 

1,)|().  With  this  prelude,  it  is  discouraging  to  report  that  .Little 
success  has  been  achieved  i..u  attempt;;  to  improve  fish  hub! tut  in  res- ■ 
ervoirs  with  fluctuating  water  levels.  A  major  reason  in  that  fluctuat¬ 
ing  water  levels  eliminate  perennial  aquatic  vegetation  beneficial,  to 
fisll  ( Ilep.l  .mill  anil  (bo  tor  1.97-1,  Wi  lson  and  Landers  1.971,  Harris  and 
K".  limey  er  l.97<>).  This  is  caused  by  the  niei  lianica.I.  fan  torn  of  wave  action, 
the  removal  of  einbuymrnts  and.  ;jui. table  subutrate  (Harris  and  iisluiieyer 
1.97h) ,  and  the  pliy  s i o I  og.i cut  and  reproductive  reipriroment;i  of  aquatic 
pl.unts,  However,  several,  promising  species  and  techniques  have  boon 
Identified  by  the  Cal  ifornia  Department  of  Kish  and  (lame  and  the  l.lue- 
rnmento  Hi. strict ,  Corps  of  Engineers.  The  California  Department  of  Kish 
and  (lame  has  used  willow  wattling  in  the  upper  reaches  of  the  drawdown 
zone.  The  species  used  is  probably  lia.lix  goodltlgll ,  though  many  species 
won  l.il  wo rU  equally  wil  l  .  The  wattling  consists  of  cl  gar-:. Imped  bund  les 


ol’  willow  wands  6  to  8  ft  long,  which  we  staked  and  shallowly  buried  in 
raws  parallel  to  the  slope  contour.  (A  full  description  of  the  tech¬ 
nique  may  be  found  in  Leiser  et  al.  1974.  )  The  stems  root  and  send  up 
new  shoots,  which  create  brushy  thickets  in  one  season.  Once  estab¬ 
lished,  Salix  goodingii  is  especially  flood-tolerant  and  individual 
plants  have  been  observed  to  leaf  out  after  4  years  of  continuous  flood¬ 
ing  in  over  tO  ft  of  water.  The  planting  method  requires  that  the 
reservoir  be  drawn  down  and  that  the  plants  receive  adequate  water 
during  the  period  of  establishment.  After  the  first  growing  season,  the 
plants  will  probably  be  able  to  obtain  water  from  deep  roots  during 
summer  drawdown. 

1.4.L .  Buttonbush  ( Gephalanthus  occidentalis ) ,  another  shrub  with 
remarkable  flood  tolerance,  has  been  propagated  from  cuttings  in  the 
drawdown  sone  of  Lake  Oroville  Vine  Flat  Reservoir  and  Millortou  Lake, 
California,  by  State  Fish  and  Game  personnel  and  the  Corps.  It  root,!; 
easily,  survive!',  both  drought  and  flooding,  and  provides  good  cover  for 
fish. 

l4;.’.  Perhaps  the  most  impressive  effort  bass  been,  conducted  by  the 
California  Department  of  Fish  and  Game  using  lady's  thumb  (Polygonum 
pern.i  enrin) .  This  plant,  when  grown  under  these  conditions,  is  a 
suffrute scent  perennial  that  develops  hollow,  floating  atoms  when 
flooded.  It  survives  under  80  ft  of  water  find  has  also  withstood 
V  years  of  dewatering  with  no  maintenance  in  a  central  valley  Califor¬ 
nia  reservoir.  Initial  cstubli  aliment,  is  achieved  by  inserting  sections 
of  stem  containing  at  least  one  node  several.  Inches  into  the  noil. 

Higher  survival  could  be  achieved  by  propagating  in  the  greenhouse,  but 
adequate  results  have  been  obtained  using  unrooted  cuttings.  After 
flooding  for  one  growing  season,  each  plant  can  be  used  as  a  center  for 
establishing  a  clone.  The  receding  water  deposits  the  floating  stems  in 
a  pile  where  they  will  die  back  prior  to  renewed  sprouting  from  the 
rootstock.  If  a  larger  stand  is  desired,  the  stems  are  untangled  and 
spread  ou  .  around  the  parent  plant.  The  stems  root  fit  the  nodes,  pro¬ 
viding  a  much  enlarged  patch  of  lady ' s  thumb.  Lady's  thumb  may  become 


a  noxious  weed,  however,  and  its  introduction  to  new  areas  should  be 
undertaken  with  caution.* 

l4l.  The  effect  of  these  three  species  (Sallx,  Cephalanthus ,  and 
Polygonum)  on  fish  populations  has  not  been  analyzed  quantitatively,  but 
visual  estimates  indicate  that  finger  .line  densities  arc  much  higher  in 
the  vicinity  of  experimental  plantings  than  in  other  areas  of  the 
reservoirs. 

144.  It  is  especially  encouraging  that  these  species,  and  other 
Members  of  these  genera,  are  widely  distributed  in  North  America.  They 
show  excellent  potential  as  tools  for  improving  reservoir  fisheries  and 
deserve  more  extensive  trial  elsewhere  in  the  country. 

145.  Additional  management  goals.  Management  goals  that  are 
often  given  lip  service  hut  rarely  studied  include  the  maintenance  of 
aesthetics  and  bank  stabilization.  The  first  is  not  a  popular  area  of 
study  because  it  is  subjective  and  variable.  Under  the  category  of 
habitat  improvement ,  it  is  generally  assumed  that  any  growing  plants  are 
better  Lhuu  none,  •••'  the  treatment  will  naturally  provide  aesthetic 
benefits.  It  is  obviously  an  area  where  research  is  needed  to  compare 
large-  and  small-scale;  projects  and  to  balance  the  choices  against 
public  opinion  and  need.  For  example,  is  it  preferable  to  revegotate  an 
entire  drawdown  zone  In  an  annual  grass  or  to  establish  a  few  groves  of 
perennial  trees  and  shrubs  in  selected  locations?  both  approaches  arc 
possible  and  tin;  optimum  mix  will  probably  be  determined  on  a  case-by- 
culiU  basis . 

1.46.  The  control,  of  shoreline  erosion  through  the  use  of 
vegetation  probably  will  be  successful  only  in  areas  where  erosion  is 
not  a  serious  problem,  or  where  vegetation  is  used  in  conjunction  with 
engineering  structures ,  such  as  revetments .  Areas  with  steep  gradients , 
unstable  soil,  long  wind  fetch,  and  heavy  wave  action  are  notorious  for 
destroying  vegetation,  and  the  conventional  wisdom  dictates  against, 
spending  money  to  vegetate  such  sites.  In  planning  new  reservoirs,  a 
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knowledge  of  the  physical  s.ite  characteristics  can  be  used  to  shape  the 
shoreline  to  a  stable  grade  prior  to  flooding.  In  this  instance,  pre¬ 
flood  plantings  would  undoubtedly  help  retain  the  stable  gradient  and 
reduce  shoreline  erosion. 

147.  A  goal  ancillary  to  both  erosion  control  and  fishery  improve¬ 
ment  is  the  reduction  of  turbidity.  Keith  (1967)  describes  the  use  of 
sorghum  planted  in  the  drawdown  zone  to  achieve  this  end.  Reflooding 
the  shoreline  vegetation  results  in  the  death  and  decay  of  the  plants. 

The  concomitant  electrochemical  reactions  bring  about  the  flocculation 
of  suspended  fine  particles. 

148.  Experimental  planting  techniques.  The  planting  techniques 
described  thus  far  may  he  summarized  very  succinctly*  hand  seeding, 
tractor  seeding,  and  hand  dispersal  of  vegetative  pi,.;  .les,  Several 
unique  techniques  have  been  studied  by  Fowler  arid  Hammer  (1976)  and  are 
especially  attractive  for  the  seeding  of  large,  inaccessible  areas. 

They  tested  barge  hydroseeding,  hovercraft  seeding,  and  helicopter  seed¬ 
ing  to  establish  Italian  ryegrass  ( Lolium  multiflorum)  around  Tennessee 
Valley  Authority  reservoirs.  The  methods  were  successful  for  seeding 
mud  flats  where  even  hand  seeding  would  have  been  difficult.  Because 
Fowler  and  Hammer's  study  is  both  timely  and  germane,  pertinent  data 
are  provided  in  Table  3. 

Table  3 

A  Cost  Compariso.  of  Inundation  Zone  Seeding  Techniques 
(after  Fowler  and  Hammer  1976) 


For  Acr< 

j  Production  Cost,  $ 

Seed! ng 
Technique 

Acres/ 

Dai. 

Crew 

Size 

Equip¬ 

ment 

T i.ahor* 

Seed** 

Fertilizer! 

Total 

Aquas eeder 

90 

3 

O.lOti 

1.13 

5.  00 

12.00 

18.23 

Air  cushion 
vehicle 

90 

2 

0.131  + 

O.76 

5.00 

_ 

5.89 

Helicopter 

1000 

3 

0.52+ 

0.07 

5.00 

— 

5.59 

*  Computed  at  4.25/hr. 

**  Ryegrass  seeded  at  20  Ib/ncre  ($0. 25/lb). 

t  6-12-12  applied  at  200  Ib/aerc  (ijif'.  06/lb) . 

It  Fuel  and  maintenance  only. 

+  Estimated  at  6  In*  actual  seeding  per  day  ($65/hr  plus  $130/day). 
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ll+9.  All  three  methods  vere  used  by  hammer  and  Fowler  to  estab¬ 
lish  a  temporary  cover  of  vegetation;  however,  with  prudent  selection 
of  species  and  area  of  application.,  diverse,  self-perpetuating  plant 
communities  could  he  established. 

150.  Wentz  et  al.  (19Y H )  huvc  compiled  an  encyclopedic  treatment 
of  goals  and  methods  of  marsh  plant  establishment  for  the  Corps  of 
Engineers.  The  interested  reader  is  directed  to  their  work  for  details 
regarding  plants  adaptable  to  large-scale  seeding  operations. 

Flood-Tolerant  Vegetation  in  Corps  of 
Engineers  Divisions 


Introduction 

151.  The  fol lowing  paragraphs  summarize  the  research  pertinent 
to  flood-tolerant,  vegetation  for  each  of  the  ten  Corps  of  Engineers 
Divisions  (Figure  l).  Included  are  both  applied  research  into  reservoir 
revegetation  and  phy  tonocio.l ogieal  research  that  deals  with  floodplain 
vegetation  and  similar  flood-prone  areas.  The  aim  is  bo  arrive  at  a 
list  of  species  ranked  according  to  their  relative  flood  tolerance  for 
each  region.  Where  appropriate,  the  lists  are  extracted  from  a  single 
source  in  an  effort  to  preserve  the  original  Judgment  of  the  author. 

In  eases  where  studies  were  limited  to  a  few  species  or  where  the 
data  were  nut  directly  interpretable  as  relative  tolerances ,  composite 
lists  were  assembled.  Where  composite  lists  are  included,  supportive 
data  from  the  original  sources  are  included  in  the  appropriate 
appendix . 

192,  In  comparing  the  tolerance  .'Lists  from  the  various  regions, 
differences  in  rank  order  will  be  noticed.  This  is  a  function  of  the 
original  data,  which  incorporate  the  biases  imposed  by  local  si  be  con¬ 
ditions,  ecotypic  variation,  and  study  design.  The  inconsistencies  are 
preserved  to  give  a  realistic  approximation  of  the  range  of  responses 
likely  to  be  encountered.  It  is  intended  that  the  regional  lists  be 
used  to  complement  each  other. 
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Lower  M  i  ssisslppi.  Vu.il oy  Division 

Ii>3.  Thu  Lower  Mississippi  Valley  Division  i fortunate?  that 
flood  tolerance  has  long  been  of  interest  to  forester;;  and  ecologists 
working  with  floodplain  forests  along  the  Mississippi  Hiver.  Accord¬ 
ingly,  there  in  extensive  literature  concerning  flood  tolerance  of  trees 
The  fact  that  flooding  has  been  a  factor  exerting  select!  *.v  pressure!  on 
plants  over  evolutionary  time  has  resulted  in  a  number  of  flood-tolerant 
native  specie:;.  in  all,  60  species  of  trees  and  shrubs  have  been 
described  in  the  literature  with  regard  to  their  ability  to  endure  flood 
lag .  Of  these,  ILL  specie's  may  be  regarded  as  tolerant  or  very  tolerant 
of  flooding.  The  relative  tolerance  of  the  60  species  is  given  in 
Tabl.e  )| .  Though  the  classification  is  only  relative,  the  groups  may  be 
interpreted  ns  follows: 

a.  Very  tolerant  -  able  to  survive  deep,  prolonged  flooding 
for  more  than  i  year, 

l>.  Tolerant  -  able  to  survive  deep  flooding  for  one  growing 
season,  with  significant  mortoji  ty  occurring  if  flood¬ 
ing  is  repeated  the  following  year. 

c_,  Somewhat  tolerant  -  able  to  survive  flooding  or 

saturated  soils  for  10  consecutive  days  during  the  grow¬ 
ing  season, 

d.  Intolerant  ~  unable  tu  survive  more  than  a  few  days  of 
flooding  during  the  growing  season  without  significant 
mortal  i-  ty  . 

l',dl.  Those  ratings  are  based  on  the  reported  performance  of 
mature  trees  and  will  obviously  vary  with  changes  in  the  local  environ¬ 
ments  .  Kor  a.  detailed  synopsis  of  research  on  each  species,  see  Appen¬ 
dix  A. 

Mi.s;s ii-ii.'.l.  Hiver  Division 

I  r>\>.  The  Missouri  Hiver  Division  encompasses  a  large  port  ion  of 
the  Great  l-’inins  and,  not  surprisingly,  the  emphasis  in  flood  tolerance 
research  has  been  on  nonwoody  specie;'..  However,  studies  by  Peterson 
(  I ')'/( ) ,  Houcks  find  Keen  (lf/fl),  II.  !>.  Army  Rug:i  near  District,  Kansas 
City  (19T1),  Drunk  el.  at.  (i9Tb),  and  Rt.anley  and  Hoffman  (l9YL>)  have 
yielded,  valuable  information  on  ;i  limited  number  of  trees  and  shrubs. 
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Tfib.'l.o  J| 

Relative  Flood  Tolerance,  Lower  Mississippi  Valley 


Common  Name _  _ Scientific  Name 


Very  Tolerant* 


Water  hickory 

Cary a  aquatica 

Pecan 

C.  illinoensis 

Buttonbush 

Cephalanthus  occidental! 

Swamp  privet 

Forest iera  acuminata 

Green  ash 

Fraxinus  pennsylvanica 

Water  locust 

Gleditsia  aquatica 

Deciduous  holly 

Ilex  decidua 

Water  tupelo 

Nyssa  aquatica 

Water  elm 

Planera  aquatica 

Overcup  oak 

Ojiercus  lyrata 

Nuttull's  oak 

Q.  nuttaJ.lii 

Black  willow 

Salix  nigra 

Bald  cypress 

Taxodium  distiohum 

Tolerant** 

lied  maple 

Acer  rubrum 

Sugar berry 

Celtis  .Laevigata 

blackberry 

C.  Occident alia 

Persimmon 

Diospyros  vi.rginiana 

White  ash 

Fr  axinus  amnr  i  c  ana 

Shingle  oak 

Quercus  iinbricaria 

Pin  oak 

Q.  palustris 

(Continued) 

*  Very  tolerant:  able  to  survive  deep,  prolonged 
flooding  for  more  than  1  year. 

**  (tolerant :  able  to  survive  deep  flooding  for 
one  growing  season.  with  significant  mortality 
occurring  if  flooding  :L»  repeated  the  following 
year. 
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Table  U  (Continued) 


Common  Name 

Scientific  Name 

Tolerant** 

(Continued) 

Sweetgum 

Liquidambar  styraciflua 

Cottonwood 

Populus  deltoides 

Somewhat 

Toler ant + 

Box  elder 

Acer  negnndo 

Silver  maple 

A.  sacchurinum 

Hazel,  ald.er 

Almu:  rugosa 

River  birch 

Betula  nigra 

Hawthorn 

Crataegus  mollis 

Honey  locust 

G1  edits.i.'t  triacanthos 

American  holly 

Ilex  opaca 

Black  gum 

Nyasu  sylvatica 

Sycamore 

P.l . ata.m is  o c cidental  i  a 

Swamp  white  oak 

Quercus  bicolor 

Spanish  oak 

Q.  faleata 

Bur  oak 

CJ.  maerocarpa 

Water  oak 

fk 

Willow  oak 

Q.  phellos 

Winged  elm 

litmus .  al.ata 

American  elm 

U.  americanu 

Red  elm 

U .  rubra 

( Continued ) 


**  Tolerant:  able  to  .survive  deep  flooding  for 
one  growing  season,  with  significant  mortality 
oecurring  if  flooding  is  repeated  the  following 
year . 

t  Somewhat  tolerant:  able  to  survive  flooding  or 
saturated  soils  for  30  consecutive  days  during 
tlie  growing  season. 

(Sheet  2  of  3) 
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Table  h  (Concluded) 


_ Common  Name  Scientif  ‘lc  Name 

Intoleruntti- 


Ironwood 

Bitternut  hickory 
Shellbark  hickory 
Chugbark  hickory 
Mockcrnut  hickory 
Redbud 

Flowering  dogwood 
Kentucky  coffee  tree 
Black  walnut 
Red  mulberry 
Chortleuf  pine 
Jjoblol.ly  pine 
Wild  plum 
Black  cherry 
Wlii  to  oak 
Black,)  ack  oak. 

Bed  oak 
.1  human  d  oak 
Boat  oak. 

Black  oak 
!  Sassafras 


Carpi  nun  earollniona 
Carya  cordiformi  ; ; 

C .  lad  nos  a 
C .  ny;i.f,;i, 

C._  tome  nt  os  a 
Ocrcis  canadensis 
Cornus  florlda 
Gymnocl udus  dlolca 
Juglans  nigra 
Morns  rubra 
Pinus  echinata 
iln  taeda 
Prunus  americana 
ILa  acroti.na 
Quercua  alba 
ty  inarij  ;ij.ul  i  ca 
tj.  rubra 
Q.  shumnrdii 
d  stellntn 
Be-  velutina 
Sinssnfras  ulbidum 


Intolerant:  unable  bo  survive  more  than  a  few 

days  oi  flooding  duv  ing  the  growing  season 
without  significant  mortality. 

( fleet  1  of  1 ) 
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'ruble  9  list.:;  the  species  by  relative  flood.  to.l.eranc  es .  dummari  es  of 
research  cun  be  found  in  Appendix  H. 

l')6.  f’.everul  studies  warrant  special  mention  a,",  they  pertain  to 
ostabllslimont  and  suecossional.  dynamic:;.  McGregor  and  Voile  (  1 9to)  con¬ 
ducted  a  study  of  invading  plants  in  the  drained  beds  of  buko  Tonganux.it; 
and  Lake  Kogan  in  Kansas.  In  the  first  year  of  exposure,  99  species 
representing  19  families  invaded  the  lake  bods  (Table  6  lists  them; 
species )  ■  Few  woody  spec  Los  were  found,  among  Ihe  colonizers,  though 
isolated  individuals  of  blackjack  oak  (liuerrus  mar J landing)  .  but tnnbusb 
(  Cuphalunthus  occldontulis  ) ,  and  cottonwood  ( 1'opui.us  ile  1  to  ides )  were 
reported.  it  is  impressive  that  a  diverse  assemblage  of  both  annual  and 
perennial  herbs  established  itself  in  I.  year.  ‘The  possibility  of  pro¬ 
viding  seasonal  shoreline  cover  during  drawdown  periods  is  a  viable 
option  for  reservoir  managers  wanting  to  mitigate  the  visual  impact  of 
barren  shorelines.  IJtuulcy  and  Hoffman  (l9Y^>  I.9Y9,  I.9YY )  provide 
encouraging  results  indicating  the  feasibility  of  establishing  stand:; 
of  seasonal  vegetal,  ion  by  planting  seeds  and  vegetative  propagates. 

Table  Y  suinmor iv.es  the  most  successful  specie:;  and  planting  recommen  ¬ 
dations  resulting  from  their  studios.  'Hanley  and  Hoffman  also  studied, 
the  effects  of  applying  a  complete  fertilizer  to  plots  of  natural  shore¬ 
line  vegetal. ion.  For  til  i  /.or  -increased  biomass  b.y  up  to  10  percent  and 
resulted  :i.u  major  changes  in  species  composition  (litanley  and  Hoffman 
I  9YY )  •  The  results  of  their  fee  til.  i.z  us  trials  arc  summarized  in 
Table  H. 

I.LY.  Vugotat.i.oii  colonizing  drawdown  zones  may  persist  for  several 
years  if  reservoir  f.I.untuat  ion  is  favorable  (litanley  and.  Hoffman  I 9YY )  ■ 
‘This  corroborates  earlies  findings  that  seed  from  a  variety  of  domesti¬ 
cated  herbaceous  annuals  can  germinate  after  flooding  (McKenzie  et  a.I. . 
19)19).  Table  9  presents  these  earlier  results. 

i'ift.  M’be  pros  pee  Li:  .fur  establishing  herbaceous  vegetation  around 
reservoir:;  are  good.,  especially  if  maintenance  (efforts  are  practiced  011 
a  v  urly  basis.  The  evidence  suggests  that  needing  from  boats  may  be 
pos:  i b.I.e  in  areas  where  substrate  and  wave  action  are  favorable. 

199.  ‘Studies  of  the  dyn; uiu.es  of  natural,  succession  have  provided 
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Table  ‘p 


i 'pee Leu  Tolerance 

to  Flooding,  Miaaouri  River  Divinion 

L'ommon  Name 

Scientific  Name 

Very  Tolerant* 

Willow 

Sulix  app. 

Bald  cypreae 

Taxo d i urn  dint  icl lum 

Tolerant** 

Box  elder 

Acer  negundo 

Silver  maple 

A.  uauchari  num 

Pecan 

Carya  illi  nonnni  u 

Green  uuh 

Kraxinun  peimr.ylvunicu 

Comoro 

P  I  atuimu  occidental,!.!; 

Cottonwood 

Pupul.ua  de.ltoiden 

Pin  oak 

Quercua  paluatr in 

l 

Jomewhat  Tolerantt 

Haw thorn 

Crataegus;  r.pp. 

Honey  locuut 

Gleditnia  l.ri  aeantiion 

Swamp  white  oak 

(iuercua  bieo'i.or 

Bur  oak 

Q.  ma.eroear pa 

American  elm 

Ulmu:;  lune.r  i.earta 

Intolerant ii 

1  i  i  tt  (  t nut  hi  elu  >ry 

(iarya  rordi  formi.:: 

(Continued) 

*  Very  tolerant:  able  to  i  survive  deep,  prolonged 
flooding  for  more1  than  1.  year. 

**  Toli.runt:  ab.I.e  to  survive  deep  flooding  Tor  one 
Browing  nous  son,  with  uignifiouut  mortality  oeeur- 
ring  il'  flooding  :L:;  repeated  the  following  year, 
i  Somewhat  tolerant :  able  to  survive  flooding  or 
rat.ii rai.ed  i;o:i.l:i  .for  10  oo»i:;<-;eut:i.ve  day:;  daring  the 
growing  auussuu. 

it  Intolerant:  unable  to  survive  more  than  a  few 
day:;  of  flooding  during  the  growing  neuron  without 
: ;  i  gn:i  f  i  e  unt  mor  I,;  i.'Lity . 


Yd 


Table  5  (Concluded) 


Common  Name  Scientific  Name 


intoleranttt  (Continued) 


Shellbark  hickory 
Hackberry 
Black  cherry 
Snowbcrry 


C ■  Lacinlosa 
Celtis  occidentalis 
Brunus  r.erotina 
Bymphoricarpos  occidentalis 


it  Intolerant:  unable  to  survive  more  than  a  few 
days  of  flooding  duri ng  the  growing  sjouooii  without 
significant  mortality. 


Table  6 

Plant u  Culunlalng  Tjralned  Lake  Beds  in  Kansas 
(After  McGregor  and  Voile  1950) 


Common  Name 

Scientific  Name 

ACANTHACKAII 

Water  willow 

Justie i a  americana 

AIZOACEAL 

Carpetweed 

Mo. Hugo  verticillatn 

ALISMACKAH 

Water  plantain 

Alismu  subcordatum 

Duck  potato 

Sagitturia  latifolia 

AMARANTILACKAK 

Water  hemp 

Aen.idu  Lamar i ucina  (-  Amaranthus  t.) 

Pigweed 

Amarani.hu : :  bybr  i  due 

Pigweed 

Amaranthuc  retrofloxus 

AMlllfOC  I ACKAK 

Haywood 

Ambrouiu  olatior  (=  A.  irtemisiifolia) 

(Mullt  ragweed 

A.  trifidu 

ANACARDlACKAli 

Chining  sumac 

Khun  eopallina 

BHASGTCACIMK 

Hitter  cress 

Cardumine  pur  vi.f. lorn  vnr .  urenicolu 

Popper grass 

Lopidium  dons  3  I'lorum 

Yellow  cress 

Horippu  ioltuidicu  var.  hispidu 

Yellow  cross 

K.  sessiiiflora 

CALL  1  TltiCUACKAk 

Water  rsturworb 

Cullilriehe  hotorophyllu 

CAMI'ANGl  ACKA  l'l 

1’ulo  spike  lobelia 

Lobelia  sp.i.outa  var.  1  epbostuohys 

Venue ' a  looking-glass 

Gpeculuria  leptocarpu 

Venus';!  looking-glass 

!J.  perfoliata 

(Continued) 
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Table  6  (Continued) 


Common  Name 

Scientific  Name 

CAH  Y  Ol’H  Y  ]  jLACKAE 

Sleepy  uutchi'ly 

Bllene  nntirrhina 

CHEN0P0D1ACEAN 

J  iiunh ' :!  ipucrtor;; 

Cheiiopodium  album 

Jerusalem  oak. 

C .  butrys 

Winged  pigweed 

Cycloloma  atriplicifolia 

COMFOSITAE 

Mayweed 

Anthemis  eotula 

Heath  uster 

Aster  ericoldes 

Nodding  beggartii ckr. 

Jlictens  eernua 

Devil;:  beggarticka 

11.  frondosn 

Heggavl.iek;; 

U .  polylepis 

Golden  aster 

Chrysopais  pilor.a 

i'er‘ba-de-Tn,)o 

kcliplu  albu 

Daisy  fleabane 

Erigeri  m  n  Lrigocuo 

rurp.lt;  cudweed 

Gnuph.u.l  i  imi,  purpuruum 

Sunflower 

IIol  inn  thus  animus 

MaJtjjidliau  siuh  Lower 

11.  maximil  iuni 

Carolina  false  dandelion 

Vy  rrhopai >pur:  efiro.ll.nianu;: 

Thelcsperma  tril’iduin 

C0NV0I,VU]jACJ4AK 

Ivy leaf  morning  glory 

Ipomoeu  hederareu. 

Morning  glory 

.1 .  lueunosu_ 

CKAilSUliACKAJi 

Ditch  stoncerop 

1  ’< !.i..vb lio rum  edo ide ; : 

Cll’KUACKAK 

Uulboutylia  uupilluris 

Bp i kern  oh 

Klaochar.irj  obtuse. 

( !.y  i  i«ru:;  ueuminatuu 

( Cont  i  lined) 

(Ghee 

'((> 

Table  6  (Continued) 


Common  Name _  _ Scientific  Name 

CYPERACEAE  ( Cont  i.nued ) 


Yellow  nut  grass 

C.  eseulentus 

Sedge 

C.yperus  inflexus 

FABACEAE 

False  indigo 

Amorphu  friiti  conn, 

Japanese  clover 

Lespedeza  striata 

Yellow  sweetclover 

Me.li lotus  officinalis 

Wild  bean 

Strophostyles  helvolu 

FAGACEAE 

Blackjack  oak 

Quercus  marilandicu 

GERANTACEAE 

Geranium 

Geranium  carolinianum 

HYPER ICACEAE 

St .  John ' s  wort 

Hyper:i  cum  mutilum 

JUMCACEAE 

Rush 

June us  diffuslssimus 

hush 

,] .  interior 

Kush 

J.  murgi untun 

Hush 

J.  torreyi 

LAM l ACEAK 

Bugleweed. 

Lycopus  tuner icauuu 

LYT11RACKAE 

Amimum  i a  cocc  i  pea 

MALVACEAE 

Velvet  leaf 

Abut i. Lon  t heophr hi ; t  i. 

Elower-of-un-hour 

Hibiscus  trionum 

KAJADACKAE 

Ncuxad. 

Wajas  guadalupensiu 

(Continued) 


(Sheet  3  of  !;) 
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Tab  It;  6  (Continued) 


Common  Name 


Evening  primrose 
Evening  primrose 
Eundrops 

Sorrel 

Ticklegruss 
Brome  gras 3 
Crab  grass 
Barnyard  grass 
Love  grass 
J  unegrass 
Rico  eutgruus 
Owitehgrass 
foxtail 
Corn 


Bract ed  plantain 
Hoary  plantain 


Knotwowl 

Pnle  smart  wood 

Pennsylvania  smart, weed 

Hod  sorrel 

Pale  dock 

Curly  dock 

Common  purslane 


_ Scientific  JHiime 

ONACiHACEAE 
Oenothera  biennis 
Oenothera  1 acini ata 
0.  1 ini foil a 
OXALTDACEAE 

Oxalls  europaea  var,  bushii 
POACKAE 

Agrnstls  hy emails 
Bromua  japonicus 
Dlgitaria  sanguinalis 
Eclilnocliloa  cruapallj 
Eragrostls  poaeoldef.) 
Koeleria  crlntata 
Leer  si  a  oryaolder. 

Panicum  yirgatum 
Setaria  glauca 
^ea  mays 
PT.ANTAOINACEAT'! 

Ill,  an  I, -ago  uriatutg 
v-irgltilca 
P0.T,y(r().NACEAK 
Ptjiygonum  avlculare 
P .  luputb  i  folium 
P.  pcnny.lvu.nl  cum 
Kumex  .'u:etoKe.n.a 
R  •  alt  is  slums 
11.  crisp un 
l’OUTUMCACJSAE 
Pqrtu lac a  olerae ea 
(Continued) 
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Table  6  (Coreluded) 


Common  Name 


Cursed  crowfoot 

Buttonbush 

Buttonweed 


Toadflax 
False  pimpernel 


Cottonwood 

Ground  cherry 
.Buffalo  bur 

Cattail 


_ _ _ Scientific  Name _ 

u/YNUNCULACEAE 
Ranunculus  sceleratus 
RUBIACKAE 

Cepha.lanthns  occldentalis 

Diodia  teres 

SCROPHULARIACEAE 

Conobea  multi fida 

Linaria  texana 

Lindernia  anagallidea 

Bacopn  rotundifolia 

Veronic:'.  peregrina  var .  xalapensis 

SALICA GEAE 

Populus  deltoides 

SOI.ANACEAE 

Physalis  vir^iniana 

Solanum  ro stratum 

TYPHACEAE 

Typha  latifolia 


(Sheet  5  of  5) 
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Table  8 


*  Species;  increased  in  percent  o  i»er  ou  at 
leasst  three  of  seven  tent  plots. 

**  Species  iucroaaod  in  percent  cover  ou  one  or 
two  of  seven  test  plots;, 
i  Species;  decreased  in  percent  cover  on  one  to 
five  of  seven  test  plots;. 


Tati 


some  insight  to  the  factors  limiting  species  survival  on  i'lood-pr»ne 
sites,  The  germination  and  seedling  states  are  especially  vulnerable 
to  environmental  perturbations.  Around  reservoirs  and  on  floodplains 
these  perturbations  are  most,  commonly  viewed,  ns  being  related  to  excess 
water.  Wilson  (.1970)  presents  findings  that  suggest  that  drought  plays 
a  large  role  in  determining  which  woody  species  may  become  established 
from  seed.  In  a  study  of  floodplain  forests  in  South  Dakota,  the'  first 
stage:  of  woody  plants  is  dominated  by  willow  ( Sal lx  spp . ) .  During  this 
stage,  the  surface  soil  is  characterized  us  being  xerle  (dry).  Willow 
stands  deteriorate  after  15  years  and  are  succeeded  by  cottonwood 
( Populus  deltoi.des ) .  Additions  of  organic  material  to  the  soil  and 
shading  of  the  soil  create  a  nien.i  e  habi  tat  that  favors  the  invasion  of 
green  ash  (Fraxlnus  pennsy  l.vunica) ,  box  elder  (Acer  negundo),  anil 
American  elm  (Uimus  amerlcana).  Whether  one  subscribes  to  such  a 
strict  successions!  scheme  or  not,  the  point  is  well,  taken  that  moisture 
at  the  soil  surface  can  be  crucial  in  the  establ  i aliment  of  both  nubural 
and  planted  vegetation. 

New  Kngl.nnd.  lli  v  i  si  on 

1 60.  There  is.  a  paucity  of  flooding  research  in  Dio  New  Kngland 
Division,  presumably  because  flooding  Is  not  a  conspicuous  factor 
exert i eg  pressure  on  natural,  vegetation.  This  is  unfortunate  because 
much  of  the  New  Kngi.and  landscape  is  subject  to  periodic  .inundation 
resulting  from  spring  runoff,  heavy  rains,  and  poor  soil  conditions. 

Only  recently  has  there  been  popular  recognition  of  the  importance  and 
extent  of  wetland  communities,  as  witnessed  by  the  passage  of  protective 
legislation  in  several  stales .  interest  in  wetland  and  Pl.ood-to.l. crust 
vegetal. ion  will  undoubtedly  Increase  as  the  demand  for  practical  manage-  • 
meat  of  wetlands  increases. 

1.6.1,  in  tlie  interim,  only  one  study  (McKim  et  nl.  197!’)  lias 
immediate  practical  application  to  the  matter  of  revegetnl,  ing  reservoir 
shorelines.  However,  two  other  studies  deserve  mention:  the  first  is 
Tat  i, or '  s  very  brief  I97-’  .review  entitled  ".Kffects  of  Inundation  on 
Trees",  the  second  i.s  Kairbairn's  (  I  'ffh )  dissertation,  "Knvi  roimienl.nl 
I  mo.-i.c  I.  Kiei,  l.n.-i.T.  i  on  in  I'Ve,--.  Iiwal.i  :r  1  mpoiiniluien  is:  l»y  Vi:f-cl.:il.  ion  Analysis  of 


i.|l| 


Hu;  Terrestrial  Ecosystem. "  Mont,  of  the  data  i  -p  the  latter  arc-  expressed 
not  by  spec  Les ,  but  by  liaunkiuer  .Li  fe  form  class j  fient.,'.<  >u  ( R.nunki  aer 
1934) .  Species  tolerances  euimo'  be  extracted  Crow  F  irbs  i . n  '  s  treatment. 

162.  MeKim's  (l97‘*)  study  vO.s  specifically  wit])  damage  to  nat¬ 
ural  vegetation  around  New  England  reservoirs  resulting  from  a  (.Mood  in 
June  and  July  1973.  Extensive  data  are  provided  for  Franklin  Falls  and 
Ball  Mountain  reservoirs  where,  floodwatore  crested  as  high  as  l>8  ft  over 
t!ie  root  crowns  of  mature  trees  for  90  hr.  The  total  period  of  inunda¬ 
tion  over  all  depths  ranged  from  H  to  .1.5  days.  The  conclusions  readied 
are  that  silver  maple  ( Ac er  i ; ac char i num ) ,  red  oak  ( Quercus  rubra) ,  big- 
tooth.  aspen  ( Populus  grandidenta bu ) ,  basswood  (Tilia  amerlcana),  and 
hornbeam  (Carplrms  caroliniana)  were  able  to  survi  ve  tile  flood.  White 
pine  (Films  strobua),  quukiug  aspen  ( Populuu  trernu  Loides ) ,  red  sprin  o 
( Pi c ea  rub ens ) ,  hemlock  (Tnuga  canadensis ) ,  and  birch  ( Betula  opp. )  were 
most  sensitive  to  flooding,  fable  10  summarizes  the  species  according 
to  tolerance.  Mortality  data  are  elaborated  in  Appendix  C.  It  is  rec¬ 
ognized.  that  the  tolerance  list  includes  only  n.  limited,  number  of  native 
species  for  which  data  exist.  Information  concerning  other  natives  (or 
nomiatives  suitable  for  planting)  may  be  found  in  summaries  for  the  other 
regions . 

Worth  Atlantic  Division 

1.63.  The  North  Atlantic  Division  is  sparsely  represented  in  the 
.1. Iteratin’'  "f  flood  tolerance,  but  several  worthwhile  papers  provide  a 
solid  foundation  for  assessing  d.i  l.'fcju  >d,ial  tolerances  among,  species 
Homier  and  Leaf  (1962)  conducted  laboratory  experiments  comparing  nutri¬ 
ent,  absorption  and  growth  of  1.4  native  bottomland  hardwood  species. 
Furrenl.  year  seedling:  were  subjected  to  60  days  of  flooding  to  the  root 
collar  between  2 '(  duly  and  2'f  i September.  Apparently  ai  l.  seedlings  sur¬ 
vived.,  suggesting  a  fairly  high  tolerance  in  al.'l  species  examined. 

Based,  on  growth  and  nutrient  absorption,  the  species  were  ranked  accord¬ 
ing  to  their  relative  tolerance:;  (see  Table  1.1.)  .  it  is  interesting  to 
note  that  performance  is  not  always  linked  to  the  ability  to  pn  duce 
adventitious  .roots,  but  seems  rather  wore  closely  correlated  wi  th  Idle 
ability  to  maintain  the  original  root  system. 


Table  10 


.Species  Tolersuve  to  Flooding,  New  Kngland  Division 


Common  Name 


Black  willow 


Scientific  Name 

Very  Tolerant* 

Salix  nigra 

Tolerant** 


Red  maple  Acer  rubrum 

Silver  maple  Aj_  saccharinum 

Black  alder  Alnur.  glntinosa 

Slight! y  Tolerant t 


Red  oak 
iiigtooth  aspen 
Basswood 
Ironwood 
American  elm 
Bop  hornbeam 
White  ash 


Qnercus  rubra 
I’opulus  grandldeni  ata 
Till a  nmericana 
Carpinus  carollniana 
Ulmus  americana 
Ustrya  virglniuna 
l*'r nxinui ;  umer i  c:  i  m;  i. 


(Continued ) 


*  Very  tolerant:  r.  bio  to  : survive  deep ,  prolonged 
flooding  for  snore  than  .1.  year. 

**  Tolerant:  able  to  survive  deep  flooding  for  one 
growing  season,  with  significant  mortality  occurring 
if  flooding  is  repeated  the  foil,  a i tig  year. 

■I'  Somewhat  tolerant:  able  to  survive  flooding  or 
saturated  soils  for  30  consecutive  days  during  the 
growini  ■;  a  e  as  on . 


»0 


Table  10  (Concluded) 


Common  Name 


Scientific  Name 


Intoleranttt 


Sugar  maple 
Yellow  birch 
Paper  birch 
White  birch 
American  beech 
Ked  spruce 
White  pine 
Quaking  aspen 
Black  cherry 
White  oak 
Chinquapin  oak 
Eastern  hemlock 


Acer  saccharum 
Betula  alleghnnicns 
B.  pnpyrlf era 
B.  popullfolia 
Fugue  grandifoll a 
Picea  rubens 
Pinuu  strobus 
Populun  tremuloides 
Prunus  serotina 
Quercus  alba 
Q.  muehlcnbergll 
I'sugu  canadensis 


i i  Intolerant:  unable  to  survive  more  than  a,  few  days 
of  flooding  during  the  growing  season  without  sig- 
ni  I' Leant  imu-tnli  ty. 
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1 64.  White  (1973)  provides  a  unique  qualitative  assessment  of  the 
performance  of  57  cultivated  woody  plants  i a  New  York  subjected  to  a 
June  1-972  flood  by  hurricane  Agnes.  blooding  was  of  two  types:  brief, 
flash  floods  along  streams  and  deep  floods  lasting  up  to  I!  weeks  around 
lakes.  White's  observations  are  especially  valuable  because  they  pertain 
to  species  commonly  available  in  the  nursery  trade  which  are  fronuent ly 
used  in  park  landscapes.  Table  12  summarizes  White's  observations.  In¬ 
tolerant  species  are  those  that  were  defoliated  and  showed  poor  bud  set 
for  the  1973  grow’  ig  season. 

165.  Bruckner  et  al.  (1973)  reported  on  mortality  around  the 
Curwensville  Reservoir  on  the  Susquehanna  River  following  several  years 
of  surcharge  for  periods,  up  to  36  days.  The  study  is  noteworthy  because 
of  its  discussion  of  flood  mortality  arising  secondarily  from  Fusarium 
cankers.  From  a  survey  of  canker  damage,  the  authors  concluded  that  all 
trees  at  elevations  within  4  vertical  feet  above  the  recreation  pool  and 
up  to  50  percent  of  the  trees  at  elevations  between  4  and  .1.8  vertical  fecit 
above  pool,  level  will  die  wi  thin  5  years .  This  type  of  mortality  is  not 
usually  noted  in  field  studies  of  intermittently  flooded  sites. 

.1.66.  Dane  (.1959)  studied  success!  1 '.mil  trend!’,  in  artificial  fresh¬ 
water  marshes  in  New  York.  His  findings  may  be  useful  in  predicting 
invasion  patterns  in  shallow  water  around  reservoir  shorelines.  Table  13 
summarizes  the  major  results.  It  should  be  pointed  out  that  drawdown  may 
be  necessary  for  successful,  estab  l  islmicrrt. 

North  Central  Division 

I67.  Researchers  in  the  North  Central  Division  and  adjacent, 

Canada  have  produced  a  number  of  papers  pertinent  to  flood  tolerance  in 
vegetation.  Of  those ,  seven  papers ,  because  of  l.heir  emphasis  and.  scope, 
will  serve  as  the  basis  for  discussion. 

1.68.  The  work  of  Hell  (1974)  and.  Roll,  and  Johnson  (1974,  1975) 
is  the  most  comprehensive .  Through  detailed,  long-term  studios  of 
i'.l oodpi.'U.n  forest  communities  in  Illinois,  species  distributions  were 
eurre.l  s.  ted  with  flood  frequency  along  the  I'lungamon  River.  Table  1 4 
smniiiur  i  zes  the  flood  tolerance  of  tree  species  in  Illinois  ns  determined 
b,y  Bel  l,  find  Johnson  (1974).  In  au  effort  to  present  objective  criteria 


Table  If' 

Tolerance  of  Cultivated  Sj^ecies  ~  FI 

197-°  Crowing  Cease;,  (from  ; 


Common  Name 


_  ’iant 


lied  maple 
Cornelian  cherry 
White  ash 

Thur.iiesr  honey  locus 

BlacK  walnut 
Dolgo  erabapple 
White  mulberry 
American  sycamore 
Cottonwood 
White  willow 
lh.131  /  willow 
European  littlelear  linden 


i  i-cran**  ■  ■■•■auc  Tr-r. 
Acer  r  :br  s_ 


:  r’q.:.  i.  anericana 

ir.e m.  s  ■ 

--Igra 

Mai  :'ur..--  *. 

Mo  rue  alba 
r  i  atiii.u  ,  .  ;ciJr;CL.  i 

t'upulus  dt  1  tu  i dec 
I'.it  I  i  x  * 1 1  to¬ 
la  .  di sculur 
'Pi  i  i  n  i- irda.tn 

Tolerant*  Kv ' ■  rgreens 


.  r .  a  c  a;.  ... 


Red  cedar 
P.t’itner  , juniper 


Jutilperus  v:i  rg. i  nlana 

chlncnr,  i  n  var.  Td'ltzeriana 

To.l  <  rant*  llhrubs 


.lapanene  barberry 
( It* i  ly-  » 1:  cm  d  <  >y,wo<  xl 
Kegel  privet 
Arrowwood 
bwoct  viburnum 
American  cranberry  touch 


Her  her  i n  tlmnbcrgii 
Cn.rnun  pan  i  cuiata 

hlgustrum  obtunifo.l  i.um  var.  rcgellanuin 
Viburnum  dentutum 
Vj_  1  entago 
V.  trilobum 

(Continued) 


*  Tolerant: 
no  apparent 


•l  to  10  in.  of  water  for  10  day;;  in  dune  of  i  9'(2  canard 
damage  or  mortality. 

( : '.licet.  ;i  Di1 


on 


Table  12  (Continued) 


Common  Name 


Scientific  Name 


Intolerant**  Shade  and  Ornamental  Trees 


Sugar  maple 
Norway  maple 
Paper  birch 
Gray  birch 
Redbud 
Yellowwood 

White  flowering  dogwood 

lied  flowering  dogwood 
Washington  hawthorn 
Lava lie  hawthorn 
Saucer  magnolia 

Apple 

Flowering  peach 
Black  cherry 
Weeping  cherry 
Red  oak 
Black  Locust 
Kuropeun  mountain  anil 


Acer  saccharum 

A.  platanoidcs 
BetulP.  papyrifera 

B.  popullfolia 
Cor cl a  canadensis 
Cladrastis  lut ea 
Cornua  florida 

C.  florida  'Cloud  9' 

C.  l’lorida  'Cherokee  Chief 
C .  florida  var .  rubra 
Crataegus  phactiopyrum 
1  aval  lei 

Magnolia  soulangeatia 

Mn.Ius  r.p.  'Lodi,'  MoTnLouh, 
'Hope,'  'Bechtel,' 

Primus  portilca 

P.  ne.ro Lina 

P.,  .'lubhirtella  var.  pendula 
tjueroun  rubra 
Ro'b.inia  pseufloacacln 
Gor  bus  ancupar.i  a 


Intolerant**  Syorgreene 


Norway  spruce  Plena  abi.es 

Colorado  spruce  P.  pungens 

Colorado  b.l.i  ■  spruce  P.  pungens  var.  glauea 

Upright  yew  Tax  us  euspldata 

(Continued) 


**  Intolerant:  J|  to  1.0  in.  of  water  for  10  days  in  dime  of 
suited  in  defoliation  or  death. 


01 


'Radiant , ' 


I.9YP  re 


(Sheet  P  of  1 ) 


Table  12  (Concluded) 


L 


Common  Nome 


Sc.ienti.Tic  Name 


.ulfcik. 


Species 

Table  13 

Capabilities  to  Invade  Freshwater  Marshes 

in 

New  York  (After  Dane  1959) 

Species 

Water 

Common  Name 

Scientific  Name 

Depth ,  cm 

Cattail 

Typha  spp. 

66 

Bur  reed 

Sparganium  sp. 

64 

Water  plantain 

Alisma  sp. 

6l 

Cutgrass 

Leersia  sp. 

46 

Soft  rush 

Juncus  effusus 

38 

Buttonbush 

Cephalanthus  occidentals  u 

51 

Willow 

Salix  spp. 

30-46 

Green  ash 

Fraxinus  pennsylvanica 
var.  lanceolata 

30-46 

Silver  maple 

Acer  sacchorinum 

<46 

American  elm 

Ulmus  americana 

25-30 

Highbush  blue¬ 
berry 

Vaccinlum  eorymbosum 

5-13 

Ironwood 

Carpinus  caroliniana 

Moist  soil 

ShagbarX  hickory 

Cary a  ovata 

Moist  soil 

Spiraea 

Spiraea  spp. 

38-76 

Black  alder 

Ilex  vcrticillata 

51 

Alder 

A'Lnus  sp. 

<25 

93 


( Continued) 

Note:  Species  are  grouped  within  categories  w  cording  to  increasing, 
tolerance  to  growing  season  inundation. 

*  Tolerant:  most  individuals  survived  more  than  150  days  of 
inundation. 

**  Somewhat  tolerant:  most  individuals  survived  more  than  day s 
but  less  than  100  days  of  flooding. 


Tabic  J.t  (Continued) 


Common  Name 

Scientific  Name 

Slightly  Tolerant  Speciest 

Red  oak 

Quercia;  rubra 

White  oak 

Quercus  alba 

Mockernut  hickory 

Intolerant  Speciest! 

Car.ya  tomentosa 

Black  oak 

Quercus  velutina 

Black  cherry 

Prunus  serotina 

Sassafras 

Sassafras  albidum 

t  Slightly  tolerant :  some  individuals  killed  by  lens  than  90  day!)  of 
flood  and  some  individuals  survived  greater  than  150  days  inundation, 
ft  Intolerant:  severe  effects  with  .less  than  50  days  of  flooding. 


for  rating  species  tolerances  that  would  be  useful  to  reservoir  opera¬ 
tions,  Table  15  presents  species  occurrence  as  a  function  of  flood 
frequency.  The  species  in  Tables  1*'  and  15  are  not  identical,  reflect¬ 
ing  floristic  differences  between  study  areas.  While  factors  other 
than  flood  tolerance  per  se  are  likely  to  play  a  role  in  determining 
species  distribution,  the  correlations  between  species  and  flood  fre¬ 
quency  are  valuable  in  assessing  probable  impacts  around  new  reservoirs . 

It  is  also  reasonable  to  use  the  ranking  as  a  preliminary  screening  for 
selecting  species  to  plant  around  reservoirs.  Caution  must  be  employed, 
however,  and  the  results  should  not  be  employed  too  literally.  For 
example,  buttonbush  (Cephalanthus  occidcntalis )  is  represented  by  only 
one  individual  at  a  location  subject  to  flooding  only  1  percent  of  the 
time.  Based  solely  on  these  data,  one  might  conclude  that  buttonbush 
was  not  particularly  flood  tolerant.  Reports  from  other  regions  (see 
Appendix  A)  indicate  that  buttonbush  can  survive  h  years  of  constant 
flooding. 

169.  Table  l6  is  extracted  from  Bell  and  Johnson  (197^,  1975)  arid 
expresses  tree  mortality  as  a  function  of  flood  duration,  based  on  field 
observations.  All  species  were  not  represented  at  all  duration  classes, 
but,  when  compared  with  the  foregoing  table,  the  data  provide  a  good 
index  of  probable  performance.  It  is  tempting  to  view  'fable  15  as  a 
discrete  flood-tolerance  classification  ranging  from  most  tolerant 
species  at  the  top  to  least  tolerant  at  the  bottom.  In  actuality,  tol¬ 
erances  are  best  viewed,  as  overlapping.  Any  single  study  provides  a 
sample  that  does  not  represent  tlie  complete  tolerance  range  for  a  species. 
Therefore,  a  different  study  may  generate  a  different  absolute  order.  The 
order  presented  here  is  only  approximate.  This  is  underscored  by  data 
provided,  in  Green's  (1947)  pioneering  work  in  flood  tolerance.  Observ¬ 
ing  progressive  mortality  of  trees  and  shrubs  standing  in  46  to  133  cm 

of  water  in  a  new  reservoir  in  the  upper  Mississippi  drainage,  be  com¬ 
piled.  the  list  given  in  Table  17 .  Green's  data  suggest,  that  many  of  the 
species  covered  by  Bed  l  and  Johnson  can  survive  periods  of  flooding  up 
to  3  and.  4  years. 

170.  Alilgren  and  Hansen  (1957 )  provide  rare  data  on  relative  flood 


96 


Table  15 

Maximum  Flood  Frequency  Where  Species  Were  Found 
(Compiled  from  Bell  197 ^  and 
Bell  and  Johnson  1975) 


Maximum 

Tolerance, 

Percent  Flood _ Species 


Frequency* 

Common  Name 

Scientific  Name 

Trees 

25 

Silver  maple 

Acer  saccharinum 

Sycamore 

Platanus  occidentalis 

20 

Green  ash 

Fraxinus  pennsylvanica 

Black  willow 

Salix  nigra 

15 

White  mulberry 

Morus  alba 

White  ash 

Fraxinus  americana 

Honey  'Locust 

Gleditsia  triacanthos 

Hawthorn 

Crataegus  molin'  rs 

Hackberry 

Celtis  occidentalis 

American  elm 

Ulmus  americana 

10 

Cottonwood 

Populus  deitoides 

Bur  oak 

Quercus  inucrocarpa 

Shingle  oak 

Q.  imbricaria 

Black  walnut 

Juglans  nigra 

Bitternut  hickory 

Carya  eordiformis 

Red  bud 

Cerci s  o anadens i s 

? 

Box  elder 

Acer  nv:gundo 

Slippery  elm 

Ulmus  rubra 

Shagbark  hickory 

Carya  ovatu 

1 

Sassafras 

Sassafras  albidum 

Black  cherry 

Prunus  serotina 

(Continued) 

*  Percent  flood  frequency  -  number  of  day; 
cend  a  giv  n  elevation  divided  by  the  tol 

;  river  stages  equal  or  ex- 
!.ul  number  of  river  stage 

readings . 
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(Shoot  1  of  h) 


Table  .15  (Continued) 


Maximum 
Tolerance, 
'ercent  Flood 
Frequency 

Species 

Common  Name 

Scientific  Name 

Trees  (Continued) 

0.5 

Shellbark  hickory 

Carya  laciniosa 

Basswood 

Tilia  americana 

White  oak. 

Quercus  alba 

0.1 

Red  oak 

Q.  rubra 

Mockernut  hickory 

Caryn  tomentosa 

Red  mulberry 

Morus  rubra 

0 

Pmoot.h  buckeye 

Aesculun  glabra 

Black  oak 

Quercus  velutlna 

Sugar  maple 

Acer  saccbnrum 

Shrubs  and 

Vines 

20 

Bristly  greenbricr 

Smilax  hispida 

Poison  .ivy 

Rhus  radieans 

16 

Virginia  creeper 

Parthenocissus  quinquefoli a 

River  bank  grape 

Vitis  ripuria 

10 

Red  stem  dogwood 

Cornuii  stolonif era 

0 

Common  elder 

Sambucus  canadensis 

Coi alberry 

Gymphorj carpus  orbieulutuu 

5 

Wuhan 

Kuonyinus  atropurpu  reus 

B  l  uddernut 

f!  taphyleu  tr;i  folia 

M.i  Hsiouri  gooseberry 

Kibes  mis  sour  i  ease 

2 

Grey  dogwood 

Cornua  racemosa 

1 

Buttonbush 

C'ephulanthus  occidental  i  s 

o .  5 

WTTrl  i":i  i  s'i  n 

V  ibur num  pruni  :f  o  Hum 

0 

Sweet  viburnum 

V .  lent. ago 

Hop  tr(!C! 

Ptelea  I;  r i  fo.lin.ta 

(Continued) 


Table  15  (Continued) 


Maximum 
Tolerunce , 
Percent  Flood 
Frequency 


Common  Name 


Scientific  Nome 


Herbs 


Nettle 
Loosestrife 
Moneywort 
Wood  nettle 
Giant  ragweed 
Mchweed 
Aster 
Violet 

Gray ' s  sedge 
Swamp  buttercup 
Kidneyleaf  buttercup 
Honewort 
Greenbrier 
Greenbrier 
Spring  beauty 
Cleavers 

Pale  touch-me-not 
Sanicll  e 

Climbing  false 
buckwheat 

Phlox 


Urtica  gracilis 
Lysimachia  clllata 
L.  nummular in 
Laportea  canadensis 
Ambrosia  trif ida 
Pilea  pumila 
Aster  simplex 
Viola  papilionacea 
Carex  grnyii 

Ranunculus  septentrlonalis 

R.  abortivus 

Crypto taenia  canadensis 
Smilax  eclrrbata 

S.  lasioneuron 
Claytonla  virginica 
Ga.l  .i.iun  aparlne 
Impati enn  pallida 
Canicula  canadensis 
Polygonum  seandem; 


Ph  i  ox  Jlvarlcutq 
(Scum  vernum 


Ilnchanter '  s  nightshade  Clrcaea  lat.i.f  oil  a 

Dogtooth  viol  el,  Fry  I  hrori  i  uni  ;i.l  b  I  d.11 

Hedstraw  Galium  coricinnuin 


fimurtweed 


Fry  throri  i  urn  al  hi  dum 

Galium  conciitnum 
Pc  ily  gunum  v  i r  gin  lain i m 


Limed ) 


( Chert  ;l  of  )|  ) 


Table  15  (Continued) 


Maximum 
Tolerance, 
’ercent  Flood 

Species 

Frequency* 

Common  Name 

Scientific  Name 

Herbs  (Continued) 

5 

Trillium 

Trillium  recurvatuin 

Violet 

Viola  eriocarpa 

3 

Dutchman's  breeches 

Dicentra  cucullaria 

False  spikenard 

Smilacina  racemosa 

5 

Lopseed 

Dhryma  leptostachya 

Elm- leaved  goldenrod 

Solidago  ulmifolia 

Yellow  par ilia 

Menispermum  canadcnse 

Violet 

Viola  sororia 

0 

May  tipple 

Podophyl  ium  pe.lt  at  urn 

Tick  trefoil 

Dosmodium  glut inos urn 

Agrimony 

Agr  iiru i  ui  a  grypo ; ;  epai.a 

Table  l6 

Percent  Survival  and  Maximum  Flood  Duration  Where  Species 
Survived  (After  Bell  and  Johnson  1974,  1975) 


Maxi mum  Percent. 


Total  Flood  Survival 

Sampled  Duration,  at 


Species 

at  all 
Durations* 

consecutive 

days 

Maximum 

Duration 

Common  Name 

Scientific  Name 

Box  elder 

Acer  negundo 

6 

170- 

1 

M 

CD 

VO 

1C 

)0 

Silver  maple 

A.  saccharinum 

39 

Honey  locust 

Gleditsia  triacanthos 

26 

Cottonwood 

Populus  deltoides 

7 

Bur  oak 

Quercus  macrocarpa 

13 

Black  ■willow 

Sulix  nigra 

1 

American  elm 

Ulmus  ame.ricana 

102 

Green  ash 

Fraxinus  pennsylvanica 

115 

Shagbark  hickory 

Carya  ovata 

114 

i 

r 

Hawthorn 

Crataegus  mollis 

6 

150- 

-169 

Sycamore 

Platanus  occidentalis 

4 

150-169 

llackberry 

Celtis  occidentalis 

37 

150-169 

Swamp  white  oak 

Quercus  bicolor 

4 

139-149 

Persimmon 

Diospyros  virginiana 

4 

139-149 

} 

Hed  bud 

Cercis  canadensis 

13 

139-149 

50 

Pin  oak 

Quercus  palustris 

4 

110 

-.129 

100 

White  oak 

Q.  alba 

58 

110 

-129 

17 

Shingle  oak 

Q.  irabricaria 

.1.4 

90 

-109 

100 

Black,  walnut 

Juglans  nigra 

4 

90 

-109 

100 

Moekenmi  hickory  Carya  tomentosa 

47 

90 

-109 

35 

Hed  oak 

Quercus  rubra 

16 

70 

-O9 

100 

Sassafras 

Sassafras  albidum 

S 

70 

-89 

.1.00 

Black  oak 

Quercus  velutlna 

13 

30 

-49 

67 

Black,  cherry 

Prunuti  oerotina 

3 

30-49 

0 

*  The  original  report  Aid  uni  present  data  for  each  flood,  duration. 
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Table  17 

Tolerance  of  Variciu 3  Trees  ^nd  Shrubs  to  Flooding* 
(-.fter  Green  1947) 


Species _ 

Sullx  fluviatills 
Sand-bar  willow 

Betula  nigra 
River  birch 

Fopulus  deltoides 
Cottonwood 

Acer  saccharlnum 
Silver  maple 

Ulmus  ameriesna 
American  elm 

Celtic  occidentalia 
Hackberry 

Quorcus  rubra 
Red  oak 

Q.  macrocarpa 
bur  oak 

9l-  blcolor 
Swamp  white  oak 

iialuntrin 
Pin  oak 

Alnua  sp. 

Alder 


Years 

Survived 

2 

p 


2 

3 

3 

3 

3 

3 

3 

3 

3 


Fraxlnua  £■  nnsylvanica 
Green  ash 

Snlix  nigra 
Black  willow 

Ilex  decidua 
Deciduous  holly 

Forestiera  acuminata 
Swamp  privet 


b 

h 


1*+** 

1++** 


Cephalanthus  occidentalia  1+.## 
Bui.tonbush 


Oornus  stolonlf era 
Red-osier  dogwood 


!(+** 


_ Remarks _ 

Mostly  dead  in  first  year 

Survived  well  first  year 

Survived  well  first  year 

Mostly  dead  in  second  year 

Mostly  dead  in  second  year 

Fair  growth  in  second  year 

Scarce  in  bottoms 

Mostly  dead  in  second  year 

Fair  growth  in  second  year 

Mostly  on  higher  ground 

Hardy  to  second  year 

Hardy  to  second  year;  fair  in  third  year 

Hardy  to  third  year;  all  died  in 
fourth  year 

Hardy  to  fourth  year 
Hardy  to  fourth  year 
Hardy  after  4  years 
Hardy  after  '(  years 


*  In  ascending  order  of  flooding  tolerance. 

**  Data  inferred,  from  original  source;  spacer;  wore  Left  blank  by  Green. 
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tolerance  In  conifers.  Based  on  observations  of  six  species  flooded! 
by  91  to  122  cm  of  water  for  48  days  in  May  and  June,  the  following  de¬ 
creasing  order  of  tolerance  is  provided:  balsam  fir  (Abies  balsamea), 
black,  spruce  (Picea  mariana),  white  spruce  (picea  glauca),  white  pine 
(Pinus  strobus),  and  red  pine  (Pinus  reeinosa).  All  conifer  species 
seemed  to  be  less  tolerant  than  associated  hardwoods. 

171.  Savile  (l95l)  gives  a  brief  treatment  of  invasion  by  her¬ 
baceous  species  in  a  grassland  in  Ontario  that  had  been  denuded  by  a 


flood  during  May  through  July.  Those  species  that  invaded  immediately 

following  the  flood  und  the  following  stammer  are  listed  in  Table  l8. 

Table  l8 

Herbaceous  Species  Invading  After  May-July  Flood 

(Aft 

'■r  Savile  1951 ) 

Common  Name 

Scientific  Name 

Kentucky  bluegrass 

Poa  pratensis 

C  anada  bli  legran  r; 

P.  compress a 

Creeping  bentgrass 

Agrostis  palustris 

Moneywort 

Lysimachia  munmularia 

Silvery  cinquefoil 

PotenLilla  argentea 

Mint 

Mentha  arvensis  var.  villosa 

Common  plantain 

Plant, ago  major 

Common  mullein 

Vcrbascum  thapsus 

Sedge 

Carex  spp. 

Yellow  cress 

Rorippa  islandica  var,  hispida 

Daisy  fleabanc 

Krigeron  an nuu s 

Curly  dock 

Rumex  erispus 

Coininon  ragweed 

Ambrosia  artemi siifolia  var. 
elatlor 

172.  The  list  i  n  Table  18,  together  with  the  one;  .in  Table  .19, 
provides  a  source  of  likely  herbaceous  species  for  use  in  establishing 
temporary  cover  in  drawdown  /.ones. 

177.  Harris  and  Marshall  (1963)  and  Kadlec  (1962)  have  examined 


various  aspects  of  water  management  in  freshwater  marshes.  The  general 
conclusion  is  that  dewatering  is  necessary  for  establishment  of  emergent 
aquatic  plants.  In  general,  30  cm  (l  ft)  of  water  appears  to  be  the 
upper  limit  for  the  maintenance  of  healthy  stands  of  emergent  aquatics. 
These  can  withstand  lengthy  dry  periods  and  would  be  well  suited  for 
wildlife  habitat  improvement  around  reservoirs.  A  composite  list  of  the 
major  species  can  be  found  in  Table  19- 

Table  19 

Emergent  Aquatic  Plants  Commonly  Found  in  Northern 
Marshes  (After  KadJ.ec  1962  and  Harris 
and  Marshall  1963) 

_ Scientific  Name _ 

Bidens  spp . 

Car ex  athcrodes 

R.  lacustris 
C.  pseudo-cyperus 
Pul  1c Ilium  arund.inac  eum 
Eleocharis  aclcularis 
E.  palustris 
Leersla  oryzoides 
Pontederl.H  cordata 
Sagittar j  a  I  i  Ivi  folia 
Scirpus  acutus 

S.  cyperinus 
S.  vaiidus 

Spai'gani  urn  chiorocarpum 
Typha  lati folia 
Zizania  aquatica 


Common  Name 
Beggarticks 
Sedge 
Sedge 
Sedge 

Three  way  sedge 
Needle  spike  rush 
Sp.ikerush 
Rice  cutgrass 
Pickerelweed 
Arrowhead 
Hards tem  bulrush 
Woolgrass 
Great  bulrush 
Bur  reed 
Common  cattail 
Wild  rice 


North  Pacific  Division 

174.  Little  research  concerning  flood  tolerance  has  been  con¬ 
ducted  on  either  species  or  communities  of  this  region.  Further, 


published  research  pertaining  to  the  region  west,  of  the  Cascades 
should  not  be  applied  east  of  the  Cascades. 


lOt 


Brink  (l95t)  provides 


qualitative  appraisal  of  species  performance  in  resp.  use  to  a  June  through 
July  flood  in  British  Columbia*  hut  it  is  impossible  to  express  his  ob¬ 
servations  in  a  way  that  relates  them  to  other  work.  Ar.  especially  good 
feature  of  Brink's  report  is  the  inclusion  of  ornamental  species.  (See 
Appendix  D  for  a  summary  of  all  species.  ) 

175-  Wakefield  (l 966)  analyzed  the  distribution  of  riparian  vege¬ 
tation  in  the  Snake  River  Valley  in  relation  to  flood  duration.  His 
study  is  brief  but  very  informative.  The  data  suggest  that  few  species 
can  tolerate  more  than.  50  days  of  flooding  (mostly  between  January  and 
July)  and  even  fewer  species  occupy  flood-prone  areas.  A  summary  of  his 
data  is  also  found  in  Appendix  D. 

176,  Minore  (1968)  conducted  a  greenhouse  study  to  compare  flood 
tolerance  among  five  conifers  and  one  hardwood  native  to  the  Pacific 
Northwest.  He  found  that  winter  flooding  for  h  and  8  weeks  had  little 
effect  on  survival  and  growth  of  all  species  except  i)ouglas-fir  (Pscudo- 
tsuga  menziesii ) .  Sum  er  flooding  produced  variable  mortality  both  with¬ 
in  and  between  spec.ies.  Survival  was. closely  associated  with  the  forma¬ 
tion  of  adventitious  roots.  Minore  ranks  the  species  as  follows: 


Rank 

Common  Name 

Scientific  Name 

Tolerant 

Giant  cedar 

Thi  ,)a  plicata 

Jiodgepole  pine 

Pinus  contorta 

Intermediate 

Red  alder 

Alnus  rubra 

Sitka  spruce 

Pioea  sltehensis 

Intermediate 

Western  hemlock 

Tsuga  heterophylla 

Intolerant 

Douglas-fir 

Pseudotsuga  menziesii 

177-  Cochran  (1972)  examined  the  e 

ffects  of  saturated  soil 

seedlings  of  Pinus  ponderosa  and  Pinus  contorta  and  found  that  neither 
species  suffered  significant  mortality  even  after  1  year  of  flooding. 

The  author  was  cautious  in  restricting  his  interpretation  to  "the  seed 
source  used"  (from  populations  near  Lapxnc,  Oregon,  at  an  elevation  of 
1(500  ft),  but  the  results  suggest  that  both  species  may  have  application 
in  vegetating  reservoir  shorelines  just  above  gross  pool. 

.178.  Rumbuxg  and  Sawyer  (1965)  provide  the  only  experimental  data 


concerning  herbaceous  vegetation.  Varying  both  depth  and  duration  of 
controlled  floods,  they  determined  that  hay  yields  in  simulated  wet 
pasture  were  greater  (though  differences  were  not  statistically  signifi¬ 
cant)  in  all  flooded  plots  in  comparison  with  control  plots.  Treatments 
involving  flooding  in  excess  of  12.7  cm  and  50  days,  however,  did  show 
decreases  in  yield  over  other  treatments.  The  species  used  in  the  study 
are  listed  in  Table  20.  The  conclusion  here  is  consistent  with  findings 
concerning  herbaceous,  amphibious,  end  aquatic  plants  in  other  regions: 
namely,  that  shallow  water  levels  promote  growth  of  emergent  vegetation. 

Table  20 

Flood-Tolerant  Wet  Meadow  Species  (After 
Rumburg  and  Sawyer  1965) 


Common  Name 

Scientific  Name 

Sedge 

Carex  praegracilis 

Beaked  sedge 

C.  rostrata 

Salt  grass 

Distichlis  striata 

Beardless  wildrye 

Elymus  tritieoides 

Dwarf  hesperochiron 

Hesperochiron  pumilus 

Foxtail  barley 

Hordeum  .lub.-'tum 

Baltic  rush 

Juncus  bait.  i. cub 

N  ovnda  b luogra  s s 

Poa  nevadensis 

Slender  cinquefoil 

Potentilla  gracilis 

179-  Based  on  the  preceding  studies,  'Table  21  ranks  the  woody 
species  according  to  their  relative  flood  tolar  ices. 

Ohio  River  Division 

1.80.  No  comprehensive  studies  of  comparative  flood  tolerance  in 
the  Ohio  Valley  have  been  published,  according  to  the  literature  search 
made  for  this  review.  Several  peripheral  papers ,  however,  permit  the 
compilation  of  a  partial  species  list.  IIo suer  and  Minckler  (1963)  ex¬ 
amined  succession  and  regeneration  in  bottomland  hardwood  forests  in 
southern  Illnois.  They  determined  that  succession  was  slower  in  poorly 
drained  areas  and  identified  buttonbusli  ( Ccphalanthus  oc c idcntali s ) , 


Table;  21 


Relative  Flood  Tolerances  of*  Woody  Plant s, 
North  Pacific  Division 


Common  Name 


Scientific  Name 


Very  Tolerant** 


Red-osier  dogwood 
Narrow  leaf  willow 
looker  willow# 
Pacific  willow 


Cornus  stolonifera 
Salix  exigua 
B.  hookeriana 
S .  lasiandra 


Tolerantt 


Box  elder 
Bog  laurel# 
Labrador  tea# 
Lodgepole  pine 
Cottonwood 
Elder# 

Hn.rdhut.lt* 

Western  red  cedar# 
Blueberry# 


Acer  negundo 
Kalmia  pol  Holla 
Ledum  groenlandicum 
Pinun  contorta 
Populus  trichocarpa 
Sambucus  callicarpa 
Splrea  douglasii 
Thu.1  a  plicata 
Vneclnlnm  ullglnosimi 


Slightly  Tolerantti 


Rivcrbank  mugwort 
Nrttall's  dogwood* 
Walnut# 

Apple# 


Art ernes la  lindleyana 
Cornus  nuttallli 
Juglans  spp. 

Malus  spp. 

( Cont  j.nue'l ) _ _ 


*  Species  compiled  from  research  conducted  in  more  mesic 
areas  and  may  not  apply  to  eastern  Oregon,  Washington,  or 
Idaho. 

*#  Very  tolerant:  able  to  survive  deep,  prolonged  flooding 
for  more  than  1  year. 

t  Tolerant:  able  to  survive  deep  flood  Lug  for  one  growing 
season,  with  significant  mortality  occurring  if  flooding 
• n  repeated  the  following  year. 

ft  Slightly  tolerant:  able  to  survive  flooding  or  saturated 
soils  for  10  consecutive  days  during  the  growing  season. 


i  or 


Table  21  (Continued) 


Common  Name 

Scientific  Name 

Slightly  Tolerant+t  (Continued) 

Sitka  spruce 

Picea  si.tchensis 

Ponderosa  pine 

Pinus  ponderosa 

Smooth  sumac 

Rhus  glabra 

Western  hemlock 

Tsuga  heterophylla 

Intolerant! 

Bigleaf  maple 

Acer  macrophyllum 

Alder 

Alnus  rubra 

Alder 

A.  sinuata 

Boxwood 

Buxus  sempervirens 

Filbert 

Corylus  avellana 

Ha/, el 

C,  rostrate. 

Cotoneaster 

Cotoneuster  spp. 

Hawthorn 

0rutaegU3  oxyacantha 

Holly 

Ilex  aquifolium 

Mock  orange 

l'hiladelphus  gordonianus 

Bitter  cherry 

Prunus  ejiiurginutu 

Cherry-laurel  '  - 

P.  lauroeerasus 

Douglas-f ir 

Pseudotsuga  menzd  esii 

Wild  apple 

Pyrus  rivularis 

Cascara 

Rhamnus  purshiann, 

Blackberry 

Hubus  procei'us 

Rowan  tree 

Sorbur,  aucupar: 

Lilac 

Syringa  vulgaris 

ft  Slightly  tolerant : 

able  to  survive  flooding  or  saturated 

noils  for  30  consecutive  days  during  the  growing  season. 

Intolerant :  unable  to  survive  more  than  a  few  days  of 

flooding  during  the  growing  season  without  significant 
mortality. 
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tupelo  (Nysaa  aquatica),  and  bald  cypress  (Taxodium  distichum)  as  early 
successional  species. 

l8l.  Lindsey  et  al.  (l96l)  conducted  a  flood  depth  gradient 
analysis  of  two  river  valleys  in  Indiana.  In  Table  22,  species  reaching 
maximum  importance  values  in  the  same  flood  susceptibility  category  are 
grouped  together  with  each  group  arranged  in  order  of  decreasing  sus¬ 
ceptibility.  This  closely  parallels  species  flood  tolerance  observed 
by  workers  in  other  regions  and  gives  a  good  approximate  ranking. 

l8l.  Meeks  (.1989)  studied  the  effects  of  drawdown  on  species  com¬ 
position  in  a  freshwater  marsh  in  Ohio.  Early  drawdowns  (March  as 
opposed  to  June)  resulted  in  a  gradual  shift  to  annual  weeds  while  the 
May  drawdown  regime  yielded  the  best  species  mix  for  ducks.  The  domi¬ 
nant  species  identified  are  listed  in  Table  23. 
f'Quth  Pacific  Division 

183.  Thu  Couth  Pacific  Division  is  u  very  diverse  geographical 
area  in  terms  of  climate,  landform,  and  isunuu  of  florist ic  affinity. 

Major  climatic  discontinuities  result  from  the  oceanic  influence  in 
California  contrasted  with  the  continental,  influences  further  inland. 
Coupled  with  the  latitudinal  extent,  and  the  influence  of  the  Hi  o.rru 
Nevada,  the  region  defies  simple  solutions  to  problems  of  large-scale 
vegetation  management.  The  prevailing  climate  is  characterized  by  low 
rainfall,  and  while  flash  floods  do  occur,  (Mood  tolerance  is  not.  a  high 
priority  in  the  adaptive  mechanisms  of'  native  plants  (excepting  flood- 
plain  vegetal. ion  along  in.:  major  rivers,  notably  the  (Sacramento  and 
Can  Joa(iuln). 

.1 8)|.  An  one  might  expect,  there  has,  boon  little  impetus  for 
scientists  and  land  managers  to  be  concerned  with  research  into  plant 
flood  tolerance.  Ironically,  human  activities,  especially  agriculture, 
have  mandated  the  construction  of  large  reservoir.",  throughout  the  region, 
because  pree  iplta  ti  »rr- mrar»  pep  less,  than  'jO  cm  per  year  and  fall':  mainly 
in  the  winter,  reservoir  management  schedules  result;  in  extensive  areas. 
of  barren  shorelines  referred  to  us  "bathtub  ring,:;"  throughout  the 
summer  and  curly  fall.  Priorities  only  recently  have  included  vege¬ 
tating  these  drawdown  zones.  Virtually  the  only  studios 
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Table  22 


Species  Segregated  into  Flood 

Susceptibility  Groups, 

to  Least  Tolerant* 

(After  Lindsey  et  al.  196l ) 

Common  Name 

Scientific  Name 

Buttonbush 

Cephalanthus  occidentalis 

Bald  cypress 

Taxodium  distichum 

Green  ash 

Fraxinus  lanceolata 

Black  willow 

Salix  nigra 

Pecan 

Garya  illinoensis 

Cottonwood 

Populus  deltoides 

Red  maple 

Acer  rubrum 

Silver  maple 

Acer  saccharinum 

Pin  oak 

Quercias  palustria 

Red  elm 

Ulmus  rubra 

Sycamore 

Platanus  occidentalis 

America]  1  elm 

Ulmus  amor ic ana 

Box  elder 

Acer  negundo 

Black  walnut 

.Tuglann  ni  gra 

Sugarberry 

Ccltis  laevigata 

Honey  locust 

Gleditsia  triacanthos 

Kentucky  coffee  tree 

Gymnocludus  dioicus 

Hackberry 

Celtis  occidentalis 

Redbud 

Cercis  canadensis 

Buckeye 

Aes cuius  octandru 

Basswood 

Tilia  umerieanu 

Black  maple 

Acer  nigrum 

Bitternut  hickory 

Garya  eordifurmis 

Swamp  white  uuk 

Quorcun  bicolor 

Rock  elm 

Ulmus  tliomasii 

Red  oak 

Quercus  rubra 

Shumard  oak 

Q .  shumardli 

eJ-.ht-jr ..have  approximut el  7 


the  some  flood  tolerance. 


no 


kmer 


Common  Name 
Pule  smurtweod 
Cattail 

Walter's  millet 
Bur-reed 
Arrowhead 
Softstem  bulrush 
Chufa 

Needle  rush 
Rose  mallow 
Sow  thistle 
Touch  mu  nui 
Swarnp  mil  kvood 
Monkey  ilovur 
Sticktight 
Bone set 
firewood 
Rice  out-grass 
Illuejoint  grass 
Wutur  lulus 


Table  23 


tolerance  in  the  region  have  come  from  the  University  of  California  (UO) , 
Davis .  Notable  exceptions  are  Aldon  (.1977),  Stone  and  Vasey  (1968),  and 
ongoing  work  by  the  Sacramento  and  San  Francisco  Districts. 

185.  Since  1969,  Harris  and  Leiser  at  UC  have  studied  possibili¬ 
ties  of  establishing  vegetation  in  reservoir  drawdown  zones.  This  work 
has  been  contracted  by  the  U.  S.  Bureau  of  Reclamation,  the  Corps,  and 
the  U.  S .  Forest  Service.  The  studies  have  included  plantings  in  opera- 
tionul  reservoirs  (Harris  ct  al.  1970,  Harris  et  al.  1975 )>  plantings  in 
a  1-acre  experimental  flood  reservoir  on  the  Davis  campus  (llurris  et  al. 
1975) j  and  observations  of  species  performance  after  a  flood  in  the 
Sacramento  River  deltu  (Harris  et  al.  197b).  From  the  a  studies  u 
species  tolerance  list  has  been  compiled  (Table  2I4) .  Supportive  data 
are  found  in  Appendix  K.  It  should  he  noted  that  most  of  the  species 
are  not  native  to  California  und  several  are  exotic.  Continuing  research 
includes  screening  for  flood  tolerance  a  number  of  species  native  to  the 
southeastern  IJ.  f>. 

186.  Several  in-house  studies  conducted  by  the  State  of  California 
Department  of  Fish  and  Game  and  the  Corps  indicate  that  three  species 
are  especially  easy  to  establish,  are  drought  tolerant ,  and  provide  ex¬ 
cellent  fish  habitut  during  periods  of  inundation.  These  are  buttonbunh 

( Cephalanthus  occ i dentalis ) ,  willow  (Cali.x  goodingii),  and  ludy's  thumb 
(Polygonum  per si car la ) .  The  dual,  qualities  of  flood  tolerance  and 
drought  make  the  plants  ideally  suited  to  California  reservoirs .  Ex¬ 
periences  indicate  that  drought  stress  immediately  following  planting 
cun  he  a  significant  mortality  factor.  Ail  three  species  are  easy  to 
establish  vegetat i.vel.y  and  all  can  withstand  deep,  prolonged,  flooding . 
Polygonum  per sic aria  (lady's  thumb)  is  espee tally  noteworthy,  it  is  a 
suffruteseent  plant  (having  a  woody  rootstock  and  soft  stem)  that  main¬ 
tain!'.  a  shrubby  habit  during  periods  of  drawdown.  It  is  especially 
palatable  to  doer  und  livestock.  When  flooded ,  it  produces  hollow, 
floating  stems  that  have  been  .known  to  emerge  through  60  ft  of  water.* 
Tile  floating  beds  apparently  provide  excellent  fish  habitat.  There  is  a 

*  Personal  oommuni  eat  ion,  Dal  e  Mi  tchel  l,  dune  .1.977 •  ‘Slate  of  Cali- 
I'ecnia  Department  of  Fish  .and  Game. 
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Table  2>J 


Species  Exhibiting  Tolerance  to  Flooding  In 
California1 a  Central  V : illuy  ( from 
Harris  et  al.  1971 ) 


Common  Name 


Scientific  Name 


Considerable  Tolerance* 


Tiff  green  hybrid  bermudagra33 
lto<l  gum 

Iiundon  plane  tree 
Golden  weeping  willow 
Bald  cypress 
Mexican  fan  palm 


Cynodon  dacty.lon  'Tiff  Green 
Eucalyptus  camaldulons  in 
Platanu;;  acertfol  in.** 

Sallx  alba  'Triutia' 

Taxodium  di ntichum 
Washingtonift  robusta 


Moderate  Toler anc et 


Pecan 
Green  ash 

Thornless  honey  locust 

Willow 
Willow 
Wl.l  low 


Carya  llllnoonnla 

Kraxlnus  Pennsylvania  var . 
lane col ata 

Cl  mil  tain  l  e:1  seanthos  vrtr, 
Inermls 

Sal  1  x  sp .  »*  (Term:! nnn  ilnuthjtt 
Gall*  ap.**  (Terminus  North)!  | 
Galix  sp.**  (Folsom)  ft 

Tolerant! 


Green  wattle 
Silver  maple 
Buttonbush 
American  nyeemore 
Balm  of  Gilead 
Carol i na  poplar 
Fremont  poplar 
Valley  oak 
Corkscrew  will.ow 
Dune  willow 

*  Considerable  tolerance : 
bud  for  at  least  three 
years. 

**  Native  or  naturalized  species, 
t  Model  ate  tolerance:  generally 
for  100  days  during  each  of  three 
i  f1  Species  nomenclature  in  jwirenthi 
and  are  not  established  varietal 
I  Tolerant: 
of  I' food  in 


Acacia  decurrens 
Acer  saccharinum 
Ceplialanthuu  occi  dental!  ::** 
Platanus  occidental  i  s 
1'opulus  candlcans 
ID  X.  eanadennls 
1 rnanuiit  1  i  * * 
ljuereun  Inbata** 

Sallx  matsudana 

Hu 

survive  flooding  over  termiiitil 
tiering  each  ol*  three  consecutive 

rj.uodiiiK  uvw  rout  crown 
yearn . 

to  the  authors *  study  locations 

nli.io  to  survive  100  day  a 
( tons  uei.lt  I  vc  y  cur  s  , 


mcraJ.ly  uhlc  t 
consecutive  months 


aide  to  survive 
consecutive 
ics  refer 
n»  unes. 

at  least  *fh  percent  o I’  each  species 
over  root  croon  (tevuv'  each  of  tuo 

113 


report  of  Polygonum  per si curia  becoming  a  noxious  weed  .in  California 
reservoirs,  so  introduction  of  the  plant  should  be  approached  with 
caution.* 

187.  Parnell  (.1978)  reports  success  in  propagating  huttonbush 
from  vegetative  cuttings  and  establishing  young  stands  in  the  Kings 
River.  Field  plantings  survived  the  low  rainfall  years  of  1976  and 
1977  j  bn  I,  it  remains  to  be  seen  if  the  plants  will  survive  prolonged 
inundation. 

188.  Stone  and  Vasey  ( 1980 )  provide  an  interesting  analysis  of 
redwood  (Sequoia  jempervlrens )  survival  on  alluvial  fi  ats. .  Redwoods 
arc  able  to  withstand  repeated  flooding  and  dilution  hy  producing 
adventitious  roots,  with  each  higher  silt  layer.  The  species  warrants 
trial  in  reservoir  situations. 

109.  Aldon  (1977)  has.  examined  the  ability  of  three  native 
grasses  to  withstand  flooding  in  New  Mexico.  All  three  species,  inhabit 
areas,  prone  to  periodic  inundation.  Jlis  results  are  shown  in  Table  !>9. 
Though  all  plants  displayed  decreasing  vigor  with  lucre  used  periods,  of 
inundation,  it  Is  significant  that  the  three  species  recovered  from 
ull  treatments. 
nouth  Atlantic  Division 

190.  As.  a  geographic  region,  the  Bouth  Atlantic  states  rival  the 
lower  Mississippi  Valley  in  the  extent  of  the  riverine  ecosystem  and  the 
number  of  plants  that  have  evolved  to  cope  with  standing  water,  periodic 
flooding,  and  high  water  tables.  It  is  not  surprising,  therefore,  that 
much  research  hus  been  devoted  to  various  aspects  of  flood,  tolerance  in 
native  plants  of  the  region,  Btudies  on  woody  npeni.es  are  most,  numerous , 
ranging  from  basic  physiology  and  morphology  ( Barker  l.fiHy,  "ord  1971', 

Hook  and  Brown  197.1)  to  community  eco  logy  (Monk.  iyo6) ,  spec.,  es  growth 
and  development  (hunt  .1991,  Briscoe  .1997,  MnAlpine  1961,  Walker  et  a'l  . 
.I.961,  Bonner  1969,  1966,  Kennedy  1970,  McMi.rm  and  MeNab  1.971,  Briscoe 
.1.97!’,  Mann  and  Derr  1.970,  Broudfooh  1973b,  Harms  1.971),  arid  survival 
around  reservoirs  and  other  situations  where  water  levels  are  changed 


*  I’crsonal.  communication,  .lamer,  i'.teel.e. 
Department.  of  Fish  and.  (tame. 
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May  1978. 
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Average  Vigor*  of  Three  Grass  Species  1  and  30  Days 
Artur  Various  Inundation  Treatment s 
(After  Aldon  1977) 


Inundation  Alkali  aacatcm  Desert  saltgrasa  Western  wheatgrass 

Treatment  Sporobolus  airoides  Distichlis  atricta  Agropy.ron  smxthii 


dayn 

1  day 

30  days 

1  day 

30  days 

1  day 

30  days 

None 

2.83 

2.  50 

1.83ab** 

1.6? 

3.00a 

3.00 

3 

Cy'f 

8.  17 

2.  00a 

3.50 

2.67ab 

2.  50 

6 

50 

2.50 

1.83ab 

2.83 

3.  50a 

8.  50 

12 

2.33 

2.50 

1.50ab 

2.50 

2.25ab 

3.00 

2h 

1 . 50 

2.33 

1 . 00b 

8.17 

l.T5b 

8.  50 

*  Vigor  rating:!:  I  -  poor,  I1  =  fu:i.r,  3  good ,  and  very  good. 

**  Column  moms  that  have  no  letters  are  not  different.  Column  moans 
with  the  same  letters  are  not  significant;! y  different  at  the 
p  -•  0.05  level.. 


lib 


ms  -i  ^ 


artificially  (Hull  et  al.  1946,  Bilker  1948,  Hall  and  Smith  19*5,  Klawit- 
ter  and  Young  1965).  Similar  studies  of  herbaceous  species  have  been  con¬ 
ducted  by  Gilbert  and  Ohamblee  (1965)  and  Hestand  and  Carter  (1973). 

This  discussion  will  focus  on  studies  with  immediate  application. 

191.  The  monumental  works  of  Hall  et  al.  (.1946)  and  of  Hall  and 
Smith  (1955)  are  impressive  sources  of  information  regarding  species 
tolerances  under  actual  flood  conditions  in  malaria  control  reservoirs 
in  the  Tennessee  Valley.  By  surveying  reservoirs  over  several  years, 
they  were  able  to  assess  species  performance  under  a  range  of  flooding 
depths,  durations,  and  repetitions.  Tabic  26  lists  woody  species  by 
tolerance  class.  Following  the  definition  of  Hall  and  Bmith,  "intol¬ 
erant"  refers  to  those  species  unable  to  endure  one  growing  season  of 
flooding  to  X  ft;  "moderately  tolerant"  refers  to  those  species 
succumbing  during  the  second  growing  season  of  continuous  flooding  to 
I  ft  or  more;  "tolerant"  species  are  able  to  withstand  two  or  more  suc¬ 
cessive  growing  seasons  of  constant  flooding  to  a  depth  of  1  ft.  Sup¬ 
portive  data  showing  species  performance  at  various  flood  depths  and 
durations  are  found  in  Appendix  l1'. 

.1  o;>.  Jn  addition  l.o  the  observations  on  woody  species,  Hull 
et  al.  (1946)  also  provide  an  extensive  list  of  herbaceous  species  oc¬ 
curring;  along  tile  shorelines  and  l  i  ttoral  ■/.ones  of  southeastern  reser¬ 
voirs.  These  species,  along  with  their  approximate  percentage  survival, 
after  30  days  of  flooding,  can  be  f< >uud  in  Table  iff. 

1.93.  .Bilker  (1948)  provides  s.  vu.l uublc  assessment  of  tile  per¬ 
formance  of  seven  species  planted  in  the  drawdown  and  surcharge  /.ones 
of  two  Tennessee  Valley  Authority  (TVA)  reservoirs  during  tin:  late 
1930’s.  His  assessments  are  summarized  in  Ta.ii.Le  I’d. 

194.  A  pertinent,  paper  on  the  effects  of  artificial  drainage 
on  forest  productivity  is  provided  by  Kluwittor  and  Young  (iyf>5).  In 
a  study  of  growth  responses  of  slash  pine  (f intis  o'!  1  i otti  1. )  to  drainage, 
the  authors  found  that  an  increase  of  2.0  ft  in  site  index  at  age  'JO 
was  achievable .  They  used  this  to  argue  in  favor  of  wetland  .improve¬ 
ment  for  timber  production  with  management  goals  and  economies  governing 
I, lie  practical,  i.  Ly  of  sits  drainage  on  forest  lands. 
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Table  2 6 

Approximate  Order  of  Tolerance  of  Woody  Species  to  Inundation 
:in  the  Tennesr.ee  Valley  (Hall  et  al.  1946)* 


Common  Name 

Scientific  Name 

Tolerant* ** 

Silver  maple 

Acer  saccbarinum 

Sweet  gum 

Liquidumbar  styraciflua 

Rattan  vine 

Bcrchemia  scandens 

Swamp  rone 

Rosa  palustrir. 

Florida  vine 

Brunnichia  cirrhor.a 

Dogbane 

Traehe.lospermum  dif. forme 

Greenbri er 

Cm! lax  up. 

Red  maple 

Acer  rubrum 

Porn  1  mm.on 

Diospyross  virginiana 

Green  ash 

Fraxinus  lunceolnta 

Honey  Locust 

Gleditsia  triuennthos 

Overeup  oak 

Quercun  lyrnta 

Cott«  'nwood 

J’opulus  dcltoidcn 

Water  hickory 

Cary a  uquuticu 

Swamp  privet 

For  e fit i  er u  acumi nat a 

Pepper  vine 

Ampelopais  arborea 

Trumpet  vine 

Camps! a  rudicani: 

Sandbar  willow 

Salix  interior 

Black  willow 

ni^ra 

Huttoubunh 

Oephalnnthus  occidental! s 

Tupelo  gum 

N.yssa  aipiaticii 

Bald  cypress 

Taxodiuin.  di :  :ti  chum 

( Continued) 

*  S>pe<:ios  within  ouch  group  nro  ordered  from  least  tolerant  to  moot 
tolerant . 

**  Tolerant:  able  to  survive  continuous  flooding  to  a  depth  of  1  ft 
or  more  for  up  to  two  growing  seasons. 


Table  2 6  (Continued) 


Common  Name 

Scientific  Name 

Moderately  Tolerant! 

Black  alder 

Alnus  rugosa 

Indigo  bush 

Amorpha  fruticosa 

Hispid  greenbrier 

Smilax  hispida 

Red  mulberry 

Morus  rubra 

Wild  grape 

Vitis  sp. 

Cow  oak 

Quercus  michauxii 

Hackberry 

Celtis  laevigata 

Wi  nged  o.lm 

Ulmus  alata 

Hawthorn 

Crataegus  sp . 

Osage  orange 

Maclura  pornifera 

Box  elder 

Acer  negundo 

Loblolly  pine 

Pinus  taeda 

River  birch 

Betula  nigra 

Water  oak 

Quercus  nigra 

American  elm 

Ulmus  americana 

Sycamore 

Platanus  oecidentalis 

Deciduous  holly 

Ilex  decidua 

Intoleranttt 

Post  oak 

Quercus  stei lata 

Sugar  maple 

Acer  saccharum 

White  oak 

Q.uercus  alba 

Yellow  buckeye 

Aeseulus  octandra 

Yellow  poplar 

Liriodendrom  tulip.ifera 

Prickly  ash 

Ai-alia  spinosa 

(Continued) 

t  Moderately  tolerant:  succumb  during  second  growing  season  of  con¬ 
tinuous  flooding  to  a  depth  of  1  ft  or  more, 
ft  Intolerant:  unable  to  survive  continuous  flooding  I  ft  deep  for 
one  growing  season. 
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Table  26  (Concluded) 


Common  Name 


Scientific  Name 


Intolerant!!  (Continued) 


American  beech 

Fagus  grandifolia 

Swamp  hickory 

Carya  leiodermis 

Black  walnut 

Juglans  nigra 

Ironwood 

Carpinus  caroliniana 

Redbud 

Cercis  canadensis 

Red  cedar 

Juniperus  virginiana 

Scrub  pine 

Pinus  yirginiana 

Shortleaf  pine 

P.  echincata 

Wild  black  cherry 

Prunus  serotina 

Blackjack  oak 

Quercus  marilandica 

Basswood 

Tilia  sp. 

Southern  red  oak 

Quercus  falcata 

Sourwood 

Oxydendrum  arhoreum 

Flowering  dogwood 

Cornus  x'.Lorida 

Sassafras 

Sassafras  albidum 

Black  locust 

Robinia  pseudoacacia 

Shagbark  hickory 

Carya  ovata 

Moekernut  hickory 

C.  tomentosa 

Chestnut  oak 

Quercus  montana  (=  Q. 

White  ash 

Fraxinus  ameri cana 

ft  Intolerant:  unable  to  survive  continuous  flooding  1  ft  deep  for 
one  growing  season. 
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TnWn  ?7 

Effects  of  30  Consecutive  Daya  Flooding.  Mainly  During  Month  of  June,  on 
Littoral  Plants  with  Water  Depths  of  6  and  12  In. 

(After  Hull  et  at.  191*6) 


Approximate  Percentage 
of  Survival _ 


Species 

Water  Depth 

Water  Depth 

Common  Name 

Scientific  Name 

6  in. 

12  in. 

Alligator  weed 

Alternanthera  philoxcroides 

100 

100 

Common  ragweed 

Ambrosia  artemisiifoJ.ia 
var.  elatior 

0 

0 

Giant  .ragweed. 

A.  trifida 

0 

0 

Purple  ammannia 

Ammannia  coccinea 

1UU 

50 

Broomsedge 

Andropogon  virgin! cua 

25 

0 

Lake  cress 

Armoracia  aquntica 

100 

100 

Aster 

Aster  dumosuH 

? 

0 

Aster 

A .  ontarionuB 

1UU 

7 

Aster 

A.  pilosuB 

0 

0 

Hop  nedge 

Cnrex  lunulina 

.1.00 

100 

Hedroot  flat sedge 

CyperuB  erythrorhizoB 

100 

V 

Swamp  loosestrife 

Decodon  vertic Hiatus 

100 

100 

Water  purslane 

PepilB  dlanUi'H 

100 

100 

Large  crabgrass 

Digitaria  aanguinalio 

0 

0 

Virginia  buttonweed 

Diodia  virginiana 

1.00 

100 

Barnyard  grar.s 

Rchinoohlnn  crungal.l  .1. 

100 

00 

Burhead 

E.  pordlfoHun 

100 

1.00 

Slender  upikerush 

Eleechnriu  acicularL:* 

100 

100 

Blunt  3pikcru:ih 

E.  obtuna 

100 

100 

Square stem  spikerush 

E.  quadraugulata 

100 

100 

Terrell  grass 

Elymun  virglnicuH 

0 

0 

Love  grass 

EragroBtin  Lypnoidcn 

Y 

Y 

Hors  ewe  oil 

Ei  igcfon  canadcnaiii 

0 

0 

Lake  eupatorliun 

Eupatorlum  nerotiiunn 

10 

0 

rui’pJ.oUoud  siiccKcwocd 

Hc:lcni  tun  nudlflui-uri 

Go 

l) 

Slender-  leaved  nneexeweed 

II.  l.ctml. folium 

0 

0 

Indian  heliotrope 

H(\!  iotroplum  indioum 

V 

0 

Halberd -leaved  rone  mallow 

Hibiscus  nillt nr i s 

100 

.1.00 

Swamp  rone  mallow 

Hibincun  moscheuto:; 

.1.00 

100 

Hydroleu 

Ilydrolen.  qimdriva  i.vi:; 

100 

100 

Soft  rush 

Juncua  cffusuH 

100 

100 

Water  primrose? 

Jnssiaca  ri^cmp 

1 00 

.too 

Water  willow 

.')  us.  tie i  n  nmerio ana 

100 

100 

Nice  cutgrasH 

Leers i a  oryv.md'  a 

.1.00 

100 

Winged  loonontrife 

J-V thrum  a*  i.um 

100 

V 

Water  milfoil 

Myr  loptiy  Hum  pinna  turn 

100 

100 

( Cont  Imu'il. ) 
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Table  27  (Continued) 


Approximate  Percentage 
of  Survival 

Species 

Water  Depth 

Water  Depth 

Common  Name 

Scientific  Name 

6  in. 

12  in. 

Lesser  naiad 

Najas  minor 

100 

100 

Yellow  nelumbo 

Nelumbo  lutou 

jno 

100 

Sacred  lotus 

N.  nucifera 

100 

100 

fipatterdock 

Nuphnr  advena 

100 

100 

Panic  grass 

Panicum  agrostoides 

100 

100 

Common  pakeveed 

Phytolacca  americana 

0 

0 

Mild  3martweed 

Polygonum  hydropiperoides 

100 

100 

Pale  cmor tweed 

P.  lapathifolium 

100 

100 

Pennsylvania  smartweed 

P.  pcnuylvanicum 

100 

100 

Pondwiru 

Potamogeton  nodosufl 

100 

100 

Curly. leaf  pondwood 

Potamogeton  erlupua 

100 

100 

Mermaid  weed 

Proserpinaca  paluutris; 

100 

100 

Yellow  water  buttercup 

Rnnunculus  flabellaris 

100 

100 

Liverwort 

Ricoiooarpun  natanu 

100 

100 

Liasardtail 

Gaururus  cernuuu 

100 

100 

Woul^rnns  bulruuli 

Scirpus  cuperinus 

100 

100 

Golden  7*od 

Solidago  alt 1h alma 

10 

0 

American  germander 

Teucriuin  canodenae 

100 

100 

Common  cattail 

IVpha  latlfolift 

100 

100 

u.l  w  Mi?r  wort 

U'bi'iuularia  rfibbn 

100 

.100 

Coeklcrmr 

Xanthium  timer  icanum 

0 

0 

(riant  cutgra::;: 

Kizanlupulu  mJXiacen 

? 

y 
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s  Land:;  bordering  reservoirs  could  be  that  pine  site  indices  could  decline 
In  response  to  elevated  water  tables.  Since  such  responses  are  depend¬ 
ent  on  species,  depth  to  water  tables,  and  soil  characteristics,  however, 
it  is  impossible  to  make  blanket  predictions. 

195.  Table  PO  summarizes  data  illustrating  species  responses 
under  various  water  table  regimes. 

.196.  It  is  important  to  recognize  that,  the  similarities  between 
the  Lower  Mississippi  Valley  and  the  Louth  Atlantic?  Divisions  encourage 
cross-consultation  of  species  lists  and  research  findings. 

Southwestern  D ivia Ion 

197.  There  is  remarkably  good  coverage  of  flood- tolerant  vege¬ 
tal  Lon  for  the1  Southwestern  Division,  encompassing  woody,  grassland,  and 
aquatic  plants  and  using  both  empirical  ami  experimental  approaches . 

Much  of  the  dutu  wus  gathered  in  Oklahoma  and  experimental  confirmation 
should  he  obtained  for  other  areas. 

190.  .'.Studies  of  flood  tolerance  in  grasses  have  appeared  regu¬ 
larly  in  the  literature  (Porterfield  19^9,  Gamble  and  Hboadur.  l9bH, 
Rhoades  l.%4 ,  .1 0’f.l. ) .  Table  70  summar  i  ze:;  the  maximum  reported  f  l  ood 
durations  survived  by  the  various  species.  Maximum  flooding  was  18 "1  cm 
( f»  ft ) . 

1.99.  The  work  of  Pcnfuuud  (l99i),  though  somewhat  difficult  to 
Interpret ,  is  exemplary  in  that  It  covers  a  large  number  of  woody  and 
herbaceous  sjieei.es  found  in  UP  man-made  and  natural  lakes  throughout 
Oklahoma.  Plants  fire  categorized  according  to  their  position  relative 
to  high  and.  low  water  levels  and.,  in  the  ease  of  annual  her  bs,  their 
season  of  flowering.  Only  emergent  wetland  plants  sre  listed  hero 
(Table  31.).  A  complete  listing  is  found  in  Appendix  G. 

POO.  Tile  number  of  naturally  occurring  annuul  herbs  found  in  the 
drawdown  and  surcharge  zones  of  the  lakes  under  study  .is  impressive. 

The  fact  that  such  a  broad  spectrum  of  species  colonized  the  drawdown 
zones  strongly  suggests  the  possibility  of  establishing  temporary 
herbaceous  cover  during  the  summer.  After  initial  estubl  :i  sdnnent  by 
artificial,  moans,  such  communities  could  probably  regenerate  I,  heir.se  Ives 
from  year  to  year. 


I '  ’  i 


Table  30 

Maximum  Reported  Flood  Tolerances  for  Grasses  In  Oklahoma 
(from  Rhoades  1961*  and  1971.  Gamble  and  Rhoades  196jO 


Common  Name 

Scientific  Name 

Spring  Piood  Periods 
that  Species 

Survived,  consecutive  day: 

Bermuda  gruss 

Cynodon  dactylon 

*45-90 

Buffalo  grass 

Buehloe  dactyloides 

14  5-90 

( IP  months,  uccording  to 

Porterfield  19l(5) 

Knu  Lgruss 

Puspalum  difit.iehum 

)i5'90 

Barnyard  gratis 

Echinochloa  cruugalli 

30-60 

Virginia  wild  rye 

Elymus  virginieus 

SO- lid 

Beaked  pan i ruin 

Pnnicum  mieepa 

PO-I45 

Switch  grass 

I’,  virgatum 

15-30 

Purpl  id  ri|i 

Ti'.iil.i-u::  f lev  us 

1.0-P0 

Johnson  grass 

Sorghum  hulopenne 

10-  SO 

Tull  fescue 

Ti'i 'iil.nm  /mind  i  riaei 

t  o  !0 

r.ndiun  grass 

Sorghastrum  nutans 

Y- 1 J* 

Iil.g  bluest cm 

Andropogori  gerardi 

Y-1>| 

'Silver  bluest, cm 

A .  sace haroji  <  1  <  s 

5- 1 0 

Little  bluestein 

A.  scopariua 

3-6 

K.  H.  Llm.-stem 

A.  i  :;e haem um 

3  6 

Weeping  Jovegrass 

Kragostiu  eurvulu 

3-6 

Table  31 

Emergent  Wetland  Species  Found  in  Oklahoma 
Lakes  ( Prom  Penfound  1953) 


Common  Name 


Water  sedge 
Rusty  sedge 
Spike  rush 
Barnyard  grass 
Water  purslane 
P/\rii(‘  ('r\'  i.:!; 
Knot  grass 


Hazel  alder 
Buttonbush 
Sycamore 
Cottonwood 
1  Mains  cottonwood 
Peach  Lea  f  willow 
ni  tclihauk  willow 
Black  willow 
french  tamarisk 


_ Scientific  Name  _ 

Herbai  sous  Plants 

Carex  aquatilis 
Cyperua  ferruglnescenn 
Eleochur is  macrostachya 
Echi nochloa  crus-galli 
Ludwigia  palustris 
Panic um  ug,rostoides 
Pnspalum  dlstlchum 

Woody  PlantH 

AT  nua  scrrulata 
Cephalanthus  occ 1  den ta I  i  n 
Platanus  occidentalio 
Popular*  de  l.toi  des_ 

]M_  s/i '  gent.i  1 

Sal lx  amygdalo 1  den 

S.  interior 

S.  nigra 

Tamar ix  galliot 


POX.  .DeGruchy  (1956),  Hurria  (l9T5)>  and  the  U.  H.  Anqy  Engineer 
District,  Little  Rock  (1973)*  have  reported  on  the  performance  of  trees 
and  shrubs  around  Oklahoma  lakes.  Their  data,  together  with  those  of 
Penfound  (1953),  serve  as  the  baseB  for  the  tolerance  listing  found  >" 
Table  32. 


*  Unpublished  report,  "High  Water  Effects  on  Vegetation  at  Little  Rock 
District  Projects,"  fl  pp  plus  exhibits. 

i.I’T 


Table  32 

Relative  Flood  Toleranc e  of  Woody  Plant a. 
Southwestern  Division 


Common  Name 

Scientific  Name 

Very  Tolerant* 

Duttonbush 

Cephalanthua  occidental! s 

Black  willow 

Salix  nigra 

(Preen  ash 

Fraxinus  pennsyi  vani  ca 

Tolerant** 

Box  elder 

Acer  negundo 

Silver  maple 

A.  succhurinum 

False  Indigo 

Amorpha  fruticosa 

River  birch 

Betula  nigra 

Pecan 

Caryu  111:1. noens  is 

Huekberry 

Celtis  occi dentuliu 

Persimmon 

Diospyros  virginimia 

Sweet  gum 

Liquidambur  styraciflua 

Black  gum 

Nyssa  sylvatica 

Sycamore 

Plutarms  occidentalis 

Overcup  oak 

Quercus  lyratu 

French  tamarisk 

Tamarix  gallieu 

American  elm 

I  Jlmus  amer  i  e  ana 

!  11  ighi, !  y  'I’o.Le.rant.t 

Red  maple 

Acer  ruhrtim 

Hawthorn 

Crataegus  sp. 

(Continued) 


*  Very  tolerant :  able  to  survive  deep,  prolonged  flooding  for  more 
than  1  .year. 

#*  Tolerant:  able  to  survive  deep  flooding  for  one  growing  season , 
with  significant  mortality  occurring  if  flooding  Is  repeated  Liu; 
following  year. 

i  Slightly  tolerant:  able  to  survive  flooding  or  saturated  soils  for 
30  consecutive  days  during  the  growing  season. 

128 


Table  32  (Concluded) 


Common  Name  ori  ent;',  fie  Nome 


."■lightly  Tolerant!  (Continued) 


Honey  locust 
Kan  I,  er  n  red  cedar 
Red  mulberry 
J  illn**  i,  i’  p.i.x.UJ 

White  ouk 
Black  huw 


Glcditsla  triacunthos 
Junipcrua  virginiana 
Mur  us  rubra 
Pinna  echinata 
Quercua  alba 
Viburnum  prunl foil um 


Intolerant) t 


Hi tternut  h i ekory 
klowering  dogwood 
Blackjack  oak 
Chinquapin  oak 
Dwarf  chinquapin  oak 
Red  oak 
Post  oak 
Black  oak 
Black  locust 


Cary a  up,  (cord i lormis? ) 
Cnrnus  ap.  ( 1'l.oridaV  ) 
Quorums  marllandlca 
Q.  muehlenbcrgl i 


Q.  priuoldca 

rubra 

Q.. 

stei  lata 

ik 

vetutinu 

Rub Lnla  pneudouciuii a 


t  Glightly  tolerant:  able  to  survive  f'l.oodl tig  or  saturated  soils  for 
30  consecutive  duys  during  the  growing  season, 
i'i  Intolerant:  unable  to  survive  more  than  a  few  days  of  flooding 
during  the  growing  season  without  significant  mortality. 


I'AHT  IV:  FUTURE  RESEARCH 


/?(){•’.  On. von  the  nature  of  flooding  phenomena  and.  the  myriad  ways 
in  which  plants  respond  to  flooding,  the  physiology  und  ecology  of  flood 
tolerunce  will  continue  to  spawn  a  diverse  research  effort.  The  current 
vogue  of  stress  physiology  and  eco- physiology  makes  the  study  of  flood 
tolerance  in  plants  very  attractive.  Research  into  the  mechanisms, 
sequence,  and  the  energetics  of  metabolic  responses  is  still  needed  to 
determine  their  adaptive  advantages.  In  addition,  the  role  of  hormones 
in  the  Instigation  and  mediation  of  both  metabolic  and  morphological 
changes  is  documented  hut  not  understood.  Research  that  sy  .heulzes  the 
findings  of  the  hormonal  and  metabolic  schools  is  vitally  traded. 

203.  At  present,  it  is  not  possible  to  develop  a  model  that  will 
predict,  ae.ruTmto.ly  flood  tolerance  within  a  specie::,  much  less  a  general 
model  that  eneompusses  unrelated  toxn.  l’hysiological  research  must  ex¬ 
pand.  beyond  the  traditional  "guinea  pig"  plants  before  generalities  eun 
bo  drawn.  II  is  extremely  difficult  to  use  specific  physiological  and 
anatomical  characteristics  to  screen  plants  for  practical  applications. 
Kocl.ey*  has:  outlined  a  screening  experiment  that  permits  an  assessment 
of  a  plant's  potential  flood  tolerance  based  on  several  key  adaptive 
responses.  Uuch  an  upproaeh  is  attractive,  yet  does  not  .incorporate 
many  secondary  factors  that  .influence  plant  survival,.  I'M.  old  trials 
should  complement  any  laboratory  screening  effort:: . 

:iC))| .  1‘Yom  a  purely  practical  viewpoint,  there  :i  s  sufficient  re¬ 
search  to  date  to  permit  a  first  approximate  rating  of  both  native 
II.  !>.  and  introduced  plants,  according  to  flood  tolerance.  What  is  re¬ 
quired  now,  rather  than  continued  screening  of  large  number ::  of  species, 
is  a  dotal  l.ecl  evaluation  of  the  performance  of  previously  studied  species 
under  a  variety  of  circumstances.  The  aim  should  tie  to  produce  a  refined 
rating  scheme  that  will  focus  on  regional,  needs  und  specific  plant;-. 

1,0  meet  those  needs.  important  in  this  endeavor  will  be  the  description 

*  K,ee  Icy  ,  .1.  I1!.,  1’ I  util,  adaptations  to  waterlogged  soils  as  indi¬ 

cators  of  wetland  habitats.  Unpublished  manuscript.  Occidental  Col¬ 
lege,  ii.  A.  !|(1  |)|). 


of  ecotypic  variation  so  that  cultivars  may  he  selected  on  the  basis 
of  desirable  traits.  An  ideal  opportunity  is  here  to  .loin  practical 
concerns  with  basic  research. 

205.  Concomitant  with  the  research  on  plant  materials  is  the 
need  to  explore  planting  techniques  that  will,  be  both  successful  pud 
economical  Ruch  information  will  be  valuable  to  the  decision-making 
process . 
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GUIDE  TO  APPENDIX  MATKH  I  A I 


Appendices  A  through  G  summarize  the  pertinent  research  on 
flood  tolerance  in  woody  vegetation  for  several  of  the  ten  Army  Corps 
of  Engineers  Divisions.  It  is  apparent  that  different  authors  have  used 
different  experimental  methods  and  plant  materials  and  have  arrived  at 
results  that  often  are  conflicting.  This  is  especially  true  when  rel¬ 
ative  terms  like  "tolerant"  and  "intolerent"  are  employed.  Wherever 
possible,  the  original  data  and  adjectives  are  employed  to  avoid  mis¬ 
interpretation.  It  should  be  recognized  that  in  most  instances  the 
knowledge  of  the  ability  of  plants  to  withstand  is  only  approximate. 

The  appendices  contain  not  only  recognized  flood- tolerant  species, 
but  also  those  spooler,  reported  in  the  literature  that  occur  in  flood¬ 
plains,  bottomlands,  and  other  flood-prone  areas  which  have  been  studied, 
with  flood  tolerance  in  mind.  It  is  hoped  that  by  being  inclusive, 
clearing  practir  •;  during  reservoir  construction  may  more  fully  reflect 
the  state  of  knowledge  of  the  vegetation. 

The  classif iention  of  species  according  to  the  region  in  which 
the  study  was  conducted  is  admittedly  artificial.  Many  species  have 
cosmopolitan  distributions  that  violate  regional  boundaries .  Conversely, 
many  species'  ranges  do  not  extend  over  an  entire  Division.  This  is 
especially  true  in  the  North  Pacific  and.  (South  Pacific  .Division:'.,  both 
of  which  encompass  vastly  different  biotic  provinces.  A  kno" Lodge  of 
the  local,  flora  will  be  imperative  before  selections  can  he  made  for 
specific:  sites. 

It  also  should  hi:  recognized  that  the  lists,  are  undoubtedly 
incomplete,  especially  on  the  species  level.  Thus,  m  uiy  more  species 
in  the;  genus  ijulix  (willow)  than  appear  in  the  appendices  should  be  con¬ 
sidered  f.'lood  tolerant.  Also,  ecotypic  variation  may  he  responsible 
for  a  species'  good  or  bad  performance  in  a  particular  study.  There 
is  little  hard  data  to  lend  an  idea  of  the  significance  of  this  factor , 
but  evidence  suggests  that  different  ecotypes  of  the  same  species 
may  exhibit  different  flood  tolerances.  Attention  should  lie  paid  to 
prevailing  conditions  under  which  the  rneci.es  is  growing  lineally 


when  selecting  sources  of  propagules  or  devising  clearing  guidelines. 

Finally,  the  diversity  of  soils,  climates,  exposures,  and  draw¬ 
down  regimes  is  such  that  the  only  reasonable  approach  to  vegetation 
management  is  an  experimental  one.  The  state  of  knowledge  does  not 
allow  accurate  prediction  of  species  performance.  Each  impoundment  is 
its  own  best  source  of  information  and  the  prudent  manager  will  rec- 
cognize  the  value  of  his  experiences  in  expanding  the  scope  of  under¬ 
standing.  As  explained  in  Part  I,  scientific  and  common  nomenclature 
follow  the  usage  of  the  individual  authors  in  most  instances.  Where 
there  was  reason  to  aspect  that  nomenclature  was  inaccurate,  it  was 
reconciled  with  the  binomial,  used  in  either  Gray's  '  >-  iai  of  Botany 
(Fernald  1970 ),  Manual  of  Cultivated  Plants  (Bailey  .  , •?) ,  A  California 
Flora  (Muuz  1963),  or  Composite  hist  of  Weeds  (Weed  Society  of  America 
1971) •*  Often  there  are  different  common  names  for  a  single  species 
that  enjoy  regional  popularity.  The  authors  hope  that  the  inclusion 
of  only  one  common  name  for  each  species  will  not  confuse  those  familiar 
with  a  plant  by  a  different  common  name.  The  .inconsistency  of  common 
names  makes  the  use  of  scientific  names  imperative  for  accurate 
identification. 


*  See  References  at  end  of  main  text  for  all  sources  cited  in  the 
appendices . 
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Species  Surv iv al  After  June  and  July 
Flooding  in  the  Lower  Fraser  River  Valley,  British  Columbia 

(after  Brink  1954) 


Common  Name 
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TREES 


Scientific  Name 
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Apple 
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Acer  nequndo 

Juqlans  spp. 

Malus^  spp. 

PTcea  sitchensis 
Pirius  contort. i 
Populus  trichocarpa 
Sal i x  hooker! ana 
Thuja  plicata 

SHRUB^. 

Nuttall's  dogwood 
Reds tern  dogwood 

Bog  laurel 

Labrador  tea 

Elder 

Ha rdhack 

Blueberry 

Corpus  nu t ta 1 1  j  i 

C.  stolonTfera 

Kalmia  poli folia 
Ledum  groenlandicum 
Sambucus  callicarpa 
Spiraea  douglasii 

Va ccinium  uligi nos um 

HERBS  AND  GRASSES 

Quack  grass 

Rent  grass 

Horsetai 1 

Manna  grass 

Reed  canary  grass 
Kentucky  bluegrass 
Sheep  sorrel 
Sphagnum  mo'.'.. 

White  clover 

Agryopyr^n  repens 

Ag ros  tTs  s t.oT on  i  fe ra 
EquTsetuni  arv e rise 
Glycena  spp.~ 
PhaTari_s  arundinacea 
Poa  pratensis 

Rumex  acetosella 
Spliugtium  spp. 

Tri folium  repens 

Intolerant  Species' 
TREES 


Bigleaf  maple 

Hawthorn 

Holly 

Douglas  fir 
Rowan 

Western  hemlock 


(Continued) 


Acer  macrophyllum 
Crataegus  oxyacantha 
I j ex  agui  to  1 1  uni 
Pseudo t  snga  men.:  i  </■,  i  i 
Sorbus  aucujj.iria 
Tsuga  heterojihyl  l  a 


'Tolerant  species:  no  significant,  mortality  resulting  from  flooding. 
''Intolerant  species:  species  not  surviving  flood. 
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Common  Name 

Scientific  Name 

SHRUBS 

Alder 

Alder 

Boxwood 

Filbert 

Hazel 

Cotoneaster 
Mock  orange 
Cherry 

Cherry  laurel 
Wild  apple 
Cascara 
Blackberry 
Lilac 

Alrius  rubra 

A.  sinuata 

Buxus  sempervirens 
CoryTus  avellana 

C.  rostrata 

Cotoneaster  sdd. 
Philadelphus  gordonianus 
Prunus  emarqinata 

P.  laurocerasus 

Pyrus  rivularis 

Rhamnus  purshiana 

Rub  us  procerus 

Syringa  vulgaris 

GRASSES  AND  HERBS 

Orchard  grass 
Rush 

Perennial  rye 
Timothy 

Dactyl  is  qlomerata 

Juncus  effusus 

LoTium  perenne 

Phleum  pratense 
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Days  of  avg.  max.  flooding  at  contours  where  species  most  conmor. 


APPENDIX  E: 


SOUTH  PACIFIC  DIVISION 


x.eses 


Table  El  (Concluded) 


Common  Name 

Scientific  Name 

1. 

Baldcypress 

Taxodium  distichum 

2. 

Willow 

Salix  sp.  (Terminus  South) 
s.  alba  'Tristis' 

3. 

Willow 

4. 

Willow 

sp.  (Terminus  North) 

5. 

Pecan 

(Tarya  illinoensis 

Salix  sp.  (Folsom) 

6. 

Willow 

7. 

Green  ash 

Fraxinus  pennsylvanica  var.  lanceolata 

8. 

Wisconsin  weeping  willow 

Salix  blanda 

9. 

Matsudana  willow 

S.  matsudana 

10. 

Carolina  poplar 

Fopulus  X  canadensis 

n. 

BaTm-of 'Gilead 

P.  canadicans 

12. 

Fremont  cottonwood 

P.  Fremont ii 

13. 

Murray  red  gum 

Euca lyptus  cama u 1 du 1 en s i s 

14. 

Thornless  honey  locust 

Gleditsia  triacanthos  var.  inermis 

lf». 

Silver  maple 

Acer  saccharinum 

16. 

Sycamore 

Platanus  occidental i s 

17. 

Sycamore 

Platanus  racemosa 

18. 

White  poplar 

Populus  alba 

19. 

Eucalyptus 

Eucalyptus  a^gregata 

20. 

Eucalyptus 

E.  cosmophylla 

21. 

Pussy  willow 

Salix  discolor 

22. 

Boxelder 

Acer  negundn 

M 


tnv  i  ronmen  l_  i  norticu  i  Lure,  lmiy.  ui  «-a  .  i  i  .  ,  ua»  u- 

2Flants  subjected  to  60-11 Z  days  of  flooding  with  a  maximum  depth  of  13  ft  for  33  days. 


APPENDIX  F: 

SOUTH  ATLANTIC  DIVISION 


Table  FI 


Effect  of  Flood Inq  on 

Plants,  West  Sandy  Dewaterlnn  Protect. 

Tennessee1 

(after  Hall 

and  Smith  1955) 

Dead  line 

Dead  line 

Elev. 

Lowest  healthy  tree 

Elev. 

Lowest,  sickly  tree 

above 

Percent  of  time 

above 

Percent  of  time 

MSL 

flooded  during  all 

MSL 

flooded  during  all 

01. 

(ft) 

growing  seasons2 

(Ft) 

growing  ■  Msnns2 

Black  cherry  (Prunus 
serotina) 

359.4 

0.6 

356.4 

13.4 

Flowering  dogwood  (Cornus 
florlda) 

359.0 

0.8 

356.7 

11.6 

Hop  hornbeam  (Ostrya  v 1rg1n1ana)35fl. 7 

i.a 

356.7 

11.6 

Sassafras  (Sassafras 
albldum) 

358.5 

2.3 

357.7 

5.6 

Beech  (Faqus  qrandi flora) 

358.2 

3.2 

355.5 

16.1 

Yel low-poplar  (Li rjndendrnn 
tulipifera) 

357.9 

4.5 

355.5 

16.1 

American  holly  (Ilex  n£aca) 

357.0 

9.  ' 

354.9 

17.0 

Pawpaw  (Asimlna  triloba) 

356.7 

11.6 

356.7 

11.6 

(tcdcedar  (Juni pcrus 
virgin  1  ana*) 

356.3 

14.0 

353.8 

24.4 

Black  alder  (Alnus  rugusa ) 

355.9 

1'J.H 

353.7 

24.  b 

Shagbark  hickories  (Carya 
spp.) 

355.7 

16.0 

354.2 

22.4 

Loblolly  pine  ( Pious 

Laeda) 

355.4 

16.1 

355.4 

16.1 

Black  gum  (Nyssa  sylvat.ica) 

355.0 

16.3 

354.0 

25.3 

Water  oak 
((Juerais  nigr*) 

355.0 

16.3 

354.0 

23.9 

Ca  td  1  pa  ( Catalja  s p . ) 

354.7 

18.6 

354.0 

23. 9 

Pignut  hickories 
(Cary a  spp.) 

354,6 

19.4 

354.5 

20.2 

Ironwood  (Carpinus 
carol inana) 

354.1 

23.2 

353. 1 

26.1 

(Continued) 


’Plant:;  1 1 sted  in  m.lur  of  increasing  tolerance  to  flooding  as  indicated  by  the 
lowest  healthy  tree  observed  during  the  sunnier  of  1962,  summer  pool  elevation  -  359.0  ft. 
‘i. rowing  season  was  considered  to  be  1  April-1  Oct.  Period  of  record  was  1  Sep.  1944- 
1  'lul .  1952,  giving  a  iiM.nimuni  growing  se.isnn  flood  of  HOP  days.  Llevatiore,  based 
on  10  observations  per  species. 


Table  FI  (Concluded) 


Dead  line  Dead  line 

Elev  Lowest  healthy  tree  ^ey  Lowest  sickly  tree 


Species 

above 

HSL 

(Ft) 

Percent  of  Lime 
flooded  during  all 
growing  seasons 

above 

MSL 

(Ft) 

Percent  of  time 
flooded  during  all 
growing  seasons 

Birch  (Betula  nigra) 

354.1 

23.2 

350.0 

34.5 

Sycamore  (Platanus 
occidental!'.) 

354.0 

23.9 

351.2 

31.2 

Hinged  elm  ((Ilnurs  alata) 

353.7 

24.6 

353.6 

24.9 

American  elm  (Uimus 
amerlcn na ) 

353.7 

24.6 

348.5 

3B.8 

llackberry  (Cel tls  sp.) 

363.6 

24.9 

353.6 

24.9 

Swamp  black  gum  (flyssa 
sylvatlca  var.  bi flora) 

353.1 

26.1 

353.1 

26.1 

Cow  oak  (Quercus  michauxil) 

352.2 

2B.6 

350.2 

34.0 

Honey  locust  (Gjedltsla 
trliimnthn'i)  ’ 

352.0 

29.1 

349.8 

35.0 

Pers Inman  (Dlospyros 
vlrqlniana) 

351.5 

30.4 

349.3 

36.2 

Willow  oak  (Quercii1;  phcllos) 

351.4 

30.  G 

347.8 

41.6 

Hawthorn  (Crataegus  sp.) 

351 .0 

31  .7 

349.0 

36.9 

Sweetgum  (Liguidamhar 
styraclflua) 

150.1 

34.3 

347.4 

43.3 

Cottonwood  (Popiiljis  ileltujile.) 

350.0 

34.5 

350.0 

34.5 

Deciduous  holly  (Ilex  drcj dun ) 

34<1.7 

35.2 

349.0 

36.9 

Red  maple  (Acer  rubrum  var. 
drunnmndl  i ) 

349.2 

36.4 

348.0 

40.7 

Hater  tupelo  (Nyssa  a(|uat1ca) 

340.6 

3B.4 

346.1 

53.0 

Ash  (Fraxlnus  sp.) 

34H.6 

3B.4 

347.8 

41.6 

Pin  oak  (quercus  palustris) 

348.4 

•9.2 

34B.1 

40.3 

Buttonbush  (Crphalanthus 
occidental  is ) 

348.4 

39.2 

346.1 

53.0 

Overcup  oak  (Quercus  lyrata) 

348.1 

40.3 

346.3 

51.2 

Black  willow  (Salix  nigra) 

347.6 

42.5 

345.7 

5R.B 

Swamp  Ironwood  (Plam  ra  a(|iiatlcn 

) 34  7 . 5 

346.0 

53.9 

APPENDIX  G: 
SOUTHWESTERN  DIVISION 


i:i 


Table  G1 

Species  Found  Around  32  Oklahoma  lakes 
(from  Penfound,  1953) 


Woody  Plants 

Flood  zone  (terrestrial, 
subject  to  surcharge) 

Cel ti s  laevigata  (Sugar  berry) 

Diospyros  v  i rginiana  (Persimmon) 

Fraxinus  pennsyl vanica  var.  subintegerrima  (Green  ash) 

Prunus  anqustifol ia  TChickasaw  plum) 

Rhus  aromatTca  var/  serotina  (Fragrant  sumac) 

Smilax  bona-nox  (China  brier;  a  very  thorny  vine  not  suitable  for 
areas  of  human  use) 

Summer  pool  level  (permanent 
wetland  grading  into  surcharge  zone) 

A  In us  serrulata  (Common  alder) 

Cephal anthus  occidental  is  (Buttonbush) 

PI  a tan us  occidental  is  ^Sycamore) 

Populus  dp  1  to i  des  (Cotto nwood ) 

P.  sargentl i  (Plains  cottonwood) 

Salix  amygdaloides  (Peach  leaved  willow) 

S.  interior  (Ditchbank  willow) 

S.  nigra  (Black  willow) 

Tainan x  gallica  (French  tamarisk) 

Herbaceous  Plants 

Drift,  lines  (windrows  at  upper 
reaches  of  flood  zone) 

Ambrosia  psil os tachya  (Western  ragweed) 

Andropopon  hall ii  (Beardgrass) 

(Tericnrus  paucffTorus  (No  common  name) 
llpl  i uri thus  petiolaris  (Prairie  sunflower) 

Ly thrum  ajatum  (Winged  loosestrife) 

Verbena  bracteata  (Prostrate  vervain) 

Flood  Zone 

Residual  (survivors  from  original  grassland) 

Andropogon  virgirricus  (Broomsedge) 

Aster  exilis  (Slender  aster) 

Buchloe  dactyl oides  (Buffalo  grass) 

Coreopsis  tinctoria  (Plains  coreopsis) 

Cynodbh  dactyl  on  (Bermuda  grass) 


(Coni;  i  lined) 


» * 


Table  G1  (Continued) 


Panicum  ol  i cjosanthos  van.  heileri  (Heller's  panic  grass) 

P.  virgatum  (Switchgrass) 

Pa s pal uin  lae ve  var.  ci reulare  (No  comnon  name) 

SporoEoius  asper  (llropseecf) 

Flood  induced  (flood  surcharge  /.one) 

Spring  and  Sumner 

Aina  ran  thus  aljbus  (Tumble  pigweed) 

Annnanni a  cocci nea  (Purple  animannia) 

Bacopa  rotur.djfojja  (Round  leaved  v.'ater  hyssop) 

Conobea  multi fida  fNo  common  name) 

Cyperus  i nflexus  (Sedge) 

UiodTaT virgin! ana  (Virginia  buttonweed) 

LclJ p  t  a  ai ua  ( C c  1  i p La ) 

Fleochari s  obtusa  (Blunt  spikerush) 

Fimbristyl is  autumnal  is  var.  mucronulata  (No  common  name) 
Hemicarpha  drummoridii  (No  common  name) 

Lepidi uin  densif jorum  (Greenf lower  pepperwood) 

Ljndernia  duETa  (False  pimpernel) 

Mollugo  vertici  l  lata  (Carpetweed) 

Myosurus  mTnmius  ("Mohs eta  i  1 ) 

Rorippa  obtusa  (Yellow  cress) 

R.  scssjliflora  (Yel  low  cress ) 

RotaTa  rajiosTor  (Toothcup) 

!)ida_  hederacea  (Alkalai  sida) 

Sperniaroce  glabra  (Buttonweed) 

Veronica  peregriria  (Purslane  speedwell) 

Autumn 

Act. i nea  odorata  (No  common  name) 

Acm da  tainarjsejna  (Water  hemp) 

Ambrosia  psilost.achya  (Western  ragweed) 

Aster  ex  il  l's  (Slender  aster) 

Biiclfloe  dactyloides  (Buffalo  grass) 

Coreopsis  t.inctoria  (Plains  coreopsis) 

Ixh inoclorus  rostrvfajs  (Burbead) 
luphorbia  iiiarginatu  (Snow-on- the-mounta in) 

Cony/a  canadensis  (ilorseweed) 

Franseria  toman to su  (Wool  lyleaf  bursage) 

Gutierrezia  dracunculoides  (Common  brooiiinced) 
d uncus  torreyi  (Torrey's  rush) 

Lipjjja  cunei fol  ia  (Wedgeleaf  t ■  >*j  fruit) 

L.  lanceolata  (Frogfruit) 

HenolheVa  cani'srens  (Western  yellow  evening  primrose) 
Pa.iicum  virgatum  (Switchgrass) 

I’aspaluni  disti chum  (Knotgrass) 

Riiiiiex  crispus  (Curly  dock) 

Sophor.i  sericea  (No  common  name) 

Xanfhium  italicum  (Italian  coeklebur) 

(Continued) 


Table  G1  (Concluded) 


Summer  pool  level 

Carex  aquatili  ■  (Water  sedge) 

C^perus  ferruginescens  (Rusty  sedge) 
Eleqcharjs  macrostachya  (Spikerush) 
Echinochloa  crusgal 1  i  (Ba rnya rd  grass) 
Ludwigia  pajustrip  (Water  purslane) 

P'ani cum  aprostoidjs  (Panic  grass) 

PaspaJ urn  distichum  (Knotgrass) 

Recession  zone  (exposed 

area  below  mean  summer  pool) 

Acnida  tamari sci na  (Water  hemp) 

Aster*  exi  1  is  {"Slender  aster) 

Atrip lex  argentea  (Silver  scale  saltbush) 
Chonopodi urn  i ncanuin  (Hoary  goosefoot) 
Eleocharis  macrostachya  (Spikerush) 

E.  qu.idrangu lata  ^Square  stem  spikerush) 
Cony/a  canadensis  (Horseweed) 

Franseria  tonic  n I osa  (Wooly  leaf  bursage) 
Helianthus  ciliaris  (Texas  blueweed) 

J uncus  nodatus  (Rush) 

•Tust.i cia  amencana  (Water  willow) 

Leersla  oryzoides  (Rice  cutgrass) 

HopoT  cj)i  s  nuttal  liana  (Mnnolepis) 

Myosurus  minimus  (Mousetail) 

Polygonum  cocci rieum  (Swamp  smartweed) 

P.  hydropiperoides  (Mild  smartweed) 

P.  lapathifol ium  (Pale  smartweed) 

P.  persicaria  (Lady's  thumb) 

P .  rainosTSSTmum  (Bushy  knotweed) 

Saururus  rernuus  (l.izardtail) 
bcirpus  vajidus  (Softstem  bulrush) 

Si  da  hederacea  'Alkalai  si  da) 

Triticum  sp.  (Wheat) 

Typha  domingensi s  (Southern  cattail) 

T.  latifolja  (Coifinon  cattail) 

XaritjiTuiii  itajicuni  (Italian  cocklebur) 
TTzaniopsis  unliacea  (Giant  cutgrass) 


Table  G2 


Survival 

of  Trees  Puri nq  Flood  Surcharqe  at  Two  Oklahoma  Lakes 

(after  Harri 

s  1975) 

%  Alive  After  26  April-15  June  Flood 

Species 

Keystone  Lake: 
max.  flood  depth 
=  28.5  ft  above 

Oologah  Lake: 
max.  flood  depth 
=  21 .3  ft  above 

Common  Name 

Scientific  Name 

gross  pool 

qross  pool 

Cottonwood 

Populus  deltoides 

100 

98 

Willow 

Sal  ix  sp. 

100 

100 

Green  ash 

Fraxinus  pennsyl vnnica 
var.  lanceolata 

99 

94 

Box  elder 

Acer  negundo 

99 

97 

Silver  maple 

A.  saccharinum 

98 

-- 

American  elm 

Ulmus  americana 

95 

66 

Sycamore 

Platanus  occidental  is 

94 

97 

Pers  iirmon 

Diospyros  virqiniana 

93 

40 

Hackberry 

Celtis  occidental  is 

91 

61 

Red  mulberry 

Morus  rubra 

66 

80 

Pecan 

Carya  illinoensis 

55 

88 

Hawthorn 

Crataequs  sp. 

69 

__ 

Black  haw 

Viburnum  pruni folium 

_ + 

68 

Honey  locust 

Glnditsia  triacanthos 

— 

43 

Eastern  red  cedar  duniperus  virqiniana 

45 

— 

Black  oak 

Quercus  velutina 

30 

43 

Blackjack  oak 

Q.  marilandica 

20 

5 

Post  oak 

Quercus  stellata 

6 

15 

Red  oak 

Q..  ruhra 

3 

7 

Dwarf  chinqua¬ 
pin  oak 

n.  prinoides 

10 

Chinquapin  oak 

Q.  muehlenbergii 

1 

-- 

Black  locust 

Robinia  pseudoacacia 

— 

6 

*  Species  absent  >r  sample  too  small  for  evaluation. 


Table  G3 

Relative  Tolerance  to  Flooding^  April-July  to  a  Maximum  Depth  of  23  ft 
(From  U.  S.  Army  Engineer  District,  Little  Rock,  1973*) 


Common  Name 


Buttonbush 
Persimmon 
Sweet  gum 
Sycamore 
Black  willow 
River  birch 
Black  gum 
Overcup  oak 


Scientific  Name _ 

Tolerant1 

Cephalanthus  occidental  is 
Diospyros  virginiaria 
Liquidambar  styraciflua 
Platanus  occidentaTTs 
Sal ix  nigra 
Be tula  nigra 
Nyssa  sylvatica11 
Quercus  lyrataTr 


White  oak 
Post  oak 
Red  oak 

Shortleaf  pine 
Eastern  red  cedar 
American  elm 
Ash 

Red  mulberry 


Hickory 
Red  maple 
Dogwood 


Moderately  Intolerant2 

Quercus  alba 
Q.  stellata 
Q.  rubra 
Pinus  e~chinata 
JunTperus  virqiniana 
Ulmus  americana 
Fraxmus  sp. 

Morus  rubra 

Intolerant3 

Cary a  sp. 

Acer  rub rum 
Corrius  sp. 


tolerant:  survived  complete  submergence  for  several  months  during 
growing  season. 

2Moderately  intolerant:  stressed  or  killed  by  complete  submergence. 
3  Intolerant:  killed  by  partial  submergence. 

4Too  few  observed  to  make  adequate  assessment. 

*Utipubl  is  lied  report,  U.  S.  Army  Engineer  District,  Little  Rock,  1973. 
High  water  effects  on  vegetation  at  Little  Ruck  District  projects, 

8  pp  t-  exhibits. 

(Continued) 


Obseryn tions  on  Flood  Tolerance  of  Mature  Trees  in  Central  Oklahoma 

(from  DeGruchy  1956) 


Fraxinus  pennsyl yanica  var.  subintegerrima  (Green  ash) 

Plants  survived  in  30  in.  17  consecutive  months 

Ulinus  americaia  (American  elm) 

Flooding  from  5  June-1  October  1951 

Depth  (in. )  Date  of  leaf  abscission  (presumed  dead) 

30  8/5 

24  9/14 

14  10/1 

6  died  following  spring 

Cephalanthus  occidental  is  (Buttonbush) 

Plants  survived  summer  flood  to  36  in.  for  3  months  followed  by  a 

15-mnnth  flood  to  44  in.  the  following  year. 

Amorplia  fruticosa  (False  indigo) 

Plants  survived  3  months  of  summer  flooding  to  depths  of  48  in.;  poor 
recovery  if  period  is  extended. 

Tamarix  gallica  (French  tamarisk) 

Survived  3  months  of  summer  inundation  to  a  depth  of  36  in.;  killed 
by  16  months  continuous  flooding  to  48  in. 

Cynodon  dactyl  on  (Bermuda  grass) 

Survived  15  months  of  continuous  inundation  to  6  in.;  significant 
mortality  when  flooded  to  12  in.  for  the  same  period.  Some  dormant 
rhizomes  apparently  able  to  survive  15  months  of  flooding  to  18  in. 


In  accordance  with  letter  from  DAEN-RDC,  DAEN-ASI  dated 
22  July  1977,  Subject:  Facsimile  Catalog  Cards  for 
Laboratory  Technical  Publications,  a  facsimile  catalog 
card  in  Library  of  Congress  MARC  format  is  reproduced 
below. 


Whitlow,  Thomas  II 

Flood  tolerance  in  plants:  u  state-of-the-art  review  /  by 
Thomiis  II.  Whitlow,  Richard  W.  Harris,  Department  of  environ¬ 
mental  Horticulture,  University  of  California,  Davis, 
California.  Vicksburg,  Miss.  :  II.  S.  Waterways  experiment 
Station  ;  Springfield,  Va .  :  available  from  National  Technical 
Information  Service,  197!>. 

161,  1 90 1  p.  :  ill.  ;  77  cm.  (Technical  report  -  II.  S. 

Army  Engineer  Waterways  experiment  Station  ;  E  2) 

Prepared  for  Office,  Chief  of  Engineers,  II.  S.  Army, 
Washington.  D.  C.  ,  under  Contract  Mo.  DACW.V)-77-M-3'1?3,  Work 
Unit  1111:1. 

Includes  bihl iogrnphies. 

I.  Flood  tolerance.  2.  Plants  (Botany).  3.  Resor’-oirs. 

4.  State-of-the-art  studies.  5.  Tolerances  (PhysH  >gy)  . 
ft.  Vegetation.  I.  Harris,  Richard  W. ,  joint  author. 

II.  California.  University,  Davis.  Dept,  of  Environmental 
Horticulture.  ITT.  United  States.  Army.  Corps  of  Engineers. 

IV.  Series:  United  States.  Waterways  Experiment  Station,  Vicks¬ 
burg,  Miss.  Technical  report.  ;  E-79-2. 
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